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ABSTRACT
Sobecki, Brandon M. MSE, Purdue University, December 2014. Development of
Sound Quality Metrics for Gear Rattle in Diesel Engines. Major Professor: Dr.
Patricia Davies and Dr. J. Stuart Bolton, School of Mechanical Engineering.
Sound quality is an important factor in the design of competitive diesel engines.
The noise produced by speciﬁc components and mechanisms in the engine can play a
signiﬁcant role in determining the perceived quality of the overall noise and in turn the
perceived quality of the engine. The goal of the present research is to characterize the
sounds produced by the phenomenon known as gear rattle and to develop a model
that can be used to assess gear rattle levels in a way that connects directly with
human perception of rattle. Most previous work in this area has been focused on
rating the overall sound quality of diesel engines, but little has been done to develop
models of perception of rattle noise in particular. Various engine recordings in which
gear rattle was present were ﬁrst compiled. These signals were analyzed to identify
how sounds changed with increased levels of rattle. A method to simulate gear rattle
noise and incorporate it into a no-gear-rattle (baseline) recording was developed. This
procedure enabled controlled variation of rattle for use in a psychoacoustic test. The
test was designed to quantify detectable levels, perception of growth, and increases
in annoyance due to the presence of gear rattle noise. The responses of people who
reported having experience with diesel engines were compared with those of a more
general population. The subjects with diesel engine experience were found to be
better at detecting gear rattle noise. The outcome of this research will be a method
to predict how people perceive gear rattle noise so that component noise targets can
be set that directly relate to human perception of gear rattle. When coupled with
noise generation predictions, this approach can be used to optimize the quality of the
component noise.
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1. INTRODUCTION
In recent years, improvement in noise control strategies has led to a decrease in
the overall level of noise produced by diesel engines. However, a decrease in overall
engine noise can lead to other issues related to the sound quality of the noise produced
by speciﬁc components that were previously masked by other, louder engine noises.
These component noises can now be heard and contribute to the perceived overall
sound quality of the engine. In some instances, this component noise may be perceived
as annoying and so negatively impact the engine’s sound quality. Gear rattle is one
such speciﬁc component noise source.
Gear rattle is a phenomenon caused by impacts of meshing gear teeth that results
in broadband, impulsive noise. This noise is often found to be annoying and is a
common source of customer complaints. Current standards for assessing the acceptability of gear rattle noise are mainly based on the judgement of the engineer or other,
simple measures such as overall noise levels. These objective measures are generally
not connected to the human perception of the phenomenon. A method to objectively
assess the sound quality of gear rattle noise is needed and is the focus of this research
project.

1.1

Review of Previous Literature

The gear rattle noise problem has been studied extensively [1–12]. In 1971, Mitchell [1]
focused on issues regarding gear rattle noise from the perspective of the consumer and
the manufacturer of gear systems. He described the eﬀects of various gear system parameters on the overall noise based on experimental observations. In 1989, Singh [3]
modeled the neutral gear rattle problem as a dynamic system and analytically investigated various system parameters. In this paper, he developed a criterion for
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occurrence of rattle based on dynamic system parameters related to ﬂuctuations in
torsional acceleration of the driving gears. Singh’s work on analyzing the idle rattle
phenomenon inﬂuenced the work of others in development of complex models to simulate gear rattle. For example, Szadkowski [4] developed a computer model to further
investigate the inﬂuence of speciﬁc system parameters on the occurrence and level of
gear rattle. In another example, Brancati [8] used a similar model to investigate the
eﬀect of oil between meshing gear teeth. The result of these simulations are typically
a measure (or time-histories) of torsional acceleration that highlight the rattle impacting events and require extensive knowledge of the parameters of the gear system.
Simulations of the noise produced as a result of the gear rattle impacts are needed.
While much work has been done to investigate the causes of gear rattle, the focus
of this research is to understand the human perception of gear rattle noise, speciﬁcally. Little work has been done to quantify the subjective assessment of gear rattle
sounds. However, much has been done to quantify the overall sound quality of diesel
engines as a whole [13–20]. Zwicker and Fastl worked extensively on sound quality metrics and developed the Psychoacoustic Annoyance model for complex sounds.
They demonstrated this model in [21] using various types of engine sounds and found
that their model matched the subjective ratings of the sounds well. Schiﬀbänker
et al. [13] investigated speciﬁc attributes that are important factors in assessing the
annoyance of diesel engine sounds. Khan et al. [17] developed an annoyance model
focusing on diesel engine noise in particular. This model included a variety of parameters related to spectral content, level, and temporal variations. However, some
of the parameters in this annoyance model are complicated and their calculation is
not straightforward. Ingham [18] tested Khan’s model and found that only two commonly used psychoacoustic terms were needed to predict subjective ratings of diesel
engine sounds. In 2004, Hastings [19] investigated the eﬀect of timing and amplitude variation of combustion events and tonal characteristics on overall engine sound
quality and annoyance. He developed a linear model that included a variety of sound
quality metrics and other tonal metrics. Hastings also investigated the use of Fastl’s
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Psychoacoustics Annoyance model and discussed the addition of a tonality metric to
the model.
Less work has been done to quantify the eﬀect of gear rattle on an engine’s overall sound quality. An attempt has been made to connect the previously described
complex gear rattle simulations to subjective perception [22–25]. However, these
proposed metrics are generally based on torsional acceleration measurements of the
driving gears, and these measurements can be diﬃcult to acquire. Bodden and Heinrichs [24] developed a metric based on the modulation present in the diesel engine
noise measurements. This metric is based on the diﬀerence between signals with and
without gear rattle and thus requires noise recordings of the same engine in both
conditions. A comprehensive analysis of noise metrics commonly used to assess diesel
engine noise in application of measurements focused on gear rattle noise is needed.
Becker and Yu [26] generated a simulation of gear whine (tonal noise that results
from diﬀerences in gear teeth related to the meshing frequency of the gears) comprising engine noise without gear whine present in the signal and tones to represent the
gear whine. These simulations were then used in detection tests. However, research
focused on gear rattle detection was not found.

1.2

Research Objectives

The objectives of this research project were to:
1. Characterize gear rattle noise and understand its contribution to the overall
diesel engine noise.
2. Generate gear rattle noise simulations
(a) to investigate various parameter’s inﬂuence on the gear rattle noise.
(b) for use in subjective tests.
3. Determine detectable levels of gear rattle noise.
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4. Determine detectable levels of growth and attenuation of gear rattle noise.
5. Investigate annoyance ratings of rattle and rattle-free sounds and how annoyance increases with an increase in rattle level.
6. Develop an objective method for characterizing the presence and strength of
gear rattle noise.

1.3

Approach and Thesis Outline

The focus of this research was to develop a metric to assess the acceptability of gear
rattle noise based on human perception. In order to make even a preliminary objective
assessment, the eﬀect of this speciﬁc component noise on the overall noise of the engine
must ﬁrst be understood. In Chapter 2, the background mechanism, available data
for use in this research, and the process of the characterization of the gear rattle
noise is described. This process includes the investigation of sounds with increasing
levels of gear rattle and their time and frequency domain characteristics as well as
psychoacoustic measures commonly used in diesel engine sound quality assessment.
Simulations of gear rattle noise that allow for the control of rattle independent of the
baseline engine sounds were then developed. The development of these simulations
is discussed in Chapter 3. These simulations were used to investigate the eﬀect
of various parameters of the rattle on the noise and for the use in psychoacoustics
tests. A subjective test was designed to quantify detectable levels, perception of
growth, and increases in annoyance due to an increase in gear rattle. The design and
implementation of the subjective test is described in detail in Chapter 4. Finally, the
results of the subjective test were connected to objective metrics in order to develop
a method to assess the acceptability of gear rattle noise: that method is described
in Chapter 5. Finally, a summary of this research project and suggestions for future
work are presented in Chapter 6.
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2. CHARACTERIZATION OF GEAR RATTLE NOISE
In order to eﬀectively assess the sound quality of gear rattle noise, the characteristics
of noise that are unique to gear rattle must ﬁrst be understood. In this chapter,
the process for characterizing gear rattle noise is described. First, the underlying
mechanism that causes rattle is discussed. With an understanding of the causes of
gear rattle, a more focused investigation into the resulting noise was conducted. The
available data that contains varying levels of gear rattle is detailed. An analysis of the
time histories, spectral content, time-frequency and modulation characteristics of the
rattle noise was performed. Finally, metrics used in the assessment of diesel engine
noise in previous studies were calculated for the gear rattle sounds and are presented
herein.

2.1

Mechanism Background

Gear rattle noise occurs due to ﬂuctuations of the torsional acceleration of the driving
gears. These ﬂuctuations lead to unstable conditions in which the driven gears lose
contact with the driving gears. This loss of contact results in either one-sided or twosided impact events. A two-sided impact event occurs when the driving gear ‘throws’
the driven gear and the leading edge of the driven gear tooth impacts the trailing
edge of the driving gear tooth. This impact is followed by a second impact which
results from the reengagement of the correct gear teeth. A one-sided impact occurs
when the gears lose contact and the only impact is a result of the reengagement of
the gears.
Speciﬁcally, these unstable conditions occur when the inertial torque of the driving
gear exceeds the drag torque of the driven gear, or
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Td4 < I4 θ¨4 (t),

(2.1)

where Td4 is the drag torque of the driven gear and I4 θ¨4 (t) is the time-varying inertial
torque of the driving gear. Rattle can occur when the driven gears are lightly loaded,
which decreases the drag torque of the driven gears, or during instances of high
inertial torque of the driving gears. Pulsations of the inertial torque of the crankshaft
are caused by the combustion events of the diesel engine. Therefore, the temporal
characteristics of the gear rattle phenomenon are related to the rate of the combustion
events. Gear rattle also tends to be more pronounced at idle conditions.
Gear rattle is not only an issue of the gear dynamics, but of the entire powertrain
system. Therefore, many parameters can inﬂuence the occurrence and level of gear
rattle. As previously stated, the drag torque on the driven gear and the inertial
torque of the driving gear are directly related to the occurrence of rattle. Oil level
and viscosity, the clutch damper, and ﬂywheel inertia are other examples of system
parameters that can aﬀect gear rattle. Improper backlash between meshing gears
(through which the gear teeth impact) can increase the noise produced by rattle by
3 to 15 dB [1]. The backlash of gears was the parameter that was varied to produce
diﬀerent levels of gear rattle in this research.
It should also be noted that characteristics of the diesel engine spectra are often
referred to in terms of the operating speed of the engine using ‘engine orders’. The
frequency of the ﬁrst engine order can be calculated as

feo =

RP M
,
60

(2.2)

where RP M is the nominal operating speed of the engine in revolutions per minute
[RPM]. This is the number of complete revolutions of the crankshaft per second.
The rate at which the combustion events occur can also be related to the nominal
operating speed of the engine, and thus engine order, by
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fﬁring = feo ·

ncyl
,
2

(2.3)

for four-stroke engines where ncyl is the number of cylinders in the engine. The
division of ncyl by two is due to the operation of a four-stroke engine: each cylinder
ﬁres once per two revolutions of the crankshaft. A six-cylinder engine was used in
this research, and so the ﬁring frequency occurs at the third engine order.

2.2

Measurements

A set of gear lash testing data was acquired by engineers at Cummins, Inc. Measurements were made using four microphones in the far-ﬁeld (in accordance with the
SAE standard J1074 [27]) during steady-state and sweep engine operations at various speeds and loads. The tests were conducted in a hemi-anechoic environment to
remove eﬀects of reverberation on the measurements. The four microphones were
located on the top, front, left, and right sides of the engine. The data was acquired
using LMS Test.Lab software at a sample rate of 51.2 kHz to ensure that the entire
audible frequency range was captured.
The backlash of the gears of the timing gear train was varied for this testing. The
baseline measurement (lowest amount gear rattle) was acquired using a specially designed gear (scissors gear) to minimize backlash and subsequent gear rattle noise. The
scissors gear was replaced with a solid gear for the cases with gear rattle. The backlash on the gears were set by placing a feeler gauge with the thickness corresponding
to the desired amount of backlash between meshing gear teeth. The gears were then
pushed together, bolted in place to their respective shafts, and the feeler gauges were
removed. The lash settings of the gears ranged from 0.002 to 0.014 inches in 0.002 inch
increments (0.051 to 0.356 millimeters in 0.051 millimeter increments). An excessive
lash case of 0.025 inches was also acquired. The amount of rattle in this measurement
was deemed unrealistic, and thus the 0.002 to 0.014 inch cases were the focus of the
rattle investigation. The front microphone measurements were used in the analysis
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because they are the closest to the location of the timing gear train. The operating
condition used in the analysis was the low-idle (680 RPM), no-load steady-state case
because rattle is generally more pronounced at idle operating conditions.
It should be noted that a signiﬁcant accessory tone at approximately 900 Hz was
present in the originally acquired baseline recording. The tone was deemed to be
unrelated to the gear rattle phenomena by diesel engine noise experts and was thus
removed from the signal during the gear rattle characterization process. The tone was
removed using a least-squares regression to ﬁt a sine wave to the tone and subtracting
the resulting sine wave from the signal.

2.3

Time History Analysis

An investigation into the time histories of the gear rattle signals was ﬁrst conducted in
the process to characterize gear rattle noise. A visual inspection of the time histories
was performed to identify characteristics unique to gear rattle noise that could be
gleaned by simply looking at the data. After the visual inspection, the overall sound
pressure level (SPL) of the signals, which is a measure of the intensity of sound, was
calculated by using

SPL = 10 log10

2
Prms
,
2
Pref

(2.4)

where Prms is the root mean squared (rms) pressure of the acoustic signal and Pref is the
reference pressure. Pref is the lowest audible pressure and is generally approximated
as 20 μPa. The sound pressure levels of the signals after an A-weighting ﬁlter was
applied were also investigated. The time histories of sample rattle signals are shown
in Figure 2.1.
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Figure 2.1. Time histories of (a) baseline (scissors gear) and (b) .002, (c) .006, and
(d) .010 inch backlash measurements.

It appears that the overall level of the signal increases with an increase in backlash.
The impulsiveness (or peakedness) of the signals also appears to increase. Both of
these observations are characteristics typically associated with gear rattle noise. Differences between the baseline and .002 inch backlash measurements are not apparent
by visual inspection of the time histories. The overall SPL and A-weighted SPL of
the signals in the dataset are shown in Table 2.1.
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Table 2.1. Overall levels of gear rattle signals.
Gear Backlash [inches]

Unweighted SPL [dB]

A-Weighted SPL [dB(A)]

Baseline (Scissors Gear)

84.6

84.8

0.002

85.3

85.4

0.004

85.6

85.5

0.006

86.9

86.9

0.008

86.8

87.0

0.010

88.0

88.0

0.012

87.7

88.0

0.014

88.1

88.6

It can be seen that the overall SPL increases with an increase in gear backlash. It
is also interesting to note that for these signals the A-weighted SPL is greater than
or equal to the corresponding unweighted SPL. However, the A-weighted SPL of the
‘worst’ gear rattle measurement is only approximately four decibels higher than the
baseline (rattle-free) measurement. Only considering the overall level or A-weighted
SPL of an engine does not oﬀer much insight into detecting or quantifying sound
quality of gear rattle noise as components other than gear rattle can also cause an
increase in the level of engine noise.

2.4

Frequency Analysis

An analysis of the spectral content of the gear rattle signals was conducted. The
spectral analysis was performed to identify the possible characteristics that are unique
to gear rattle in the frequency domain.
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2.4.1

Fundamentals

Because the engine recordings are time-varying and rather complex, the fundamentals
of the spectral analysis must ﬁrst be described. The measurements of the diesel engine
noise (with and without gear rattle) are assumed to be stochastic. That is, the data is
not deterministic and cannot be exactly predicted. Meaningful statistical properties
of the data can, however, still be analyzed. The measurements used in the research are
steady-state engine recordings. Thus it is assumed that the data is weakly stationary.
In other words, the mean and variance of the signal do not change with respect to
time. For this engine data, this assumption is viable if these properties are evaluated
over a large enough segment in time. The spectral characteristics of the gear rattle
measurements can be investigated by estimating the power spectral densities of the
signal.
The spectral density functions are deﬁned as [28]


|XT (f )|2
Sxx (f ) = lim E
,
T →∞
T

 ∗
XT (f )YT (f )
.
Sxy (f ) = lim E
T →∞
T


(2.5a)
(2.5b)

where * denotes the complex conjugate and E[·] is the expected value function. The
expected value of the signal (its mean value) may be calculated by


∞

E[x(t)] =
∞

1
x(t)p(x(t))dx(t) = μx = lim
T →∞ T



T /2

x(t)dt,

(2.6)

T /2

where p(x(t)) is the probability density function of x(t). XT (f ) is the Fourier Transform of the windowed signal once the mean has been removed which is deﬁned by

XT (f ) =

T /2
−T /2

w(t)(x(t) − μx )ej2πf t dt,

where T is the length in time of the window w(t).

(2.7)
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These power spectral densities are estimated using signals that are sampled and
ﬁnite in length. It should thus be noted that this implies the use of windows of a ﬁnite
length as well and only a limited amount of averaging can be performed in practice
(E[·] implies having an inﬁnite number of samples to average). The time history
is segmented into Nseg segments and the raw power spectral density is estimated for
each segment. These spectra are then averaged. Because the data is sampled, discrete
Fourier transforms (DFT) of the signal segments after the mean has been removed
∗(j)

and they have been windowed, denoted by Xk , are used. The estimate of Sxy (f )is
thus performed by using the following:
N
seg


S̃xy (fk ) =

1
Nseg

∗(j)

Xk

j=1
1
T

 T /2
T /2

(j)

ΔYk Δ
MΔ

w2 (t)dt

,

(2.8)

where Δ is the time-step used to sample the signals (i.e., the inverse of the sampling
frequency), M Δ is the length of the windowed signal segment used to calculate each
DFT, fk are the frequencies at which the function was evaluated (k = 0, 1, ..., M − 1),
and Nseg is the number of segments. The normalization of the spectrum (window
power) is done to compensate for energy loss during windowing of the segment. T =
M Δ is the duration of each segment. Typically, with a Hann window the signal
segments used to produce the raw spectra are overlapped by 50%.

2.4.2

Analysis

The spectral resolution of the power spectral densities was 0.78 Hz with 62 averages.
Hann windows of length 216 points were used with 50% segment overlap. The length
of these windows ensures that approximately seven combustion events occur within
one window at the nominal operating speed of the engine in the recordings. The ﬁne
resolution due to the relatively long length of the windows used in the analysis resulted
in power spectral densities that were diﬃcult to interpret by a visual inspection. The
spectra for each of the signals was passed through a nine point moving average ﬁlter to
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Figure 2.2. Power spectral densities of measurements with increasing amounts of
backlash. The numbers for the backlash correspond to inches. The baseline measurement has a scissors gear.

‘smooth’ out the spectral characteristics. The power spectral densities of the signals
are shown in Figure 2.2. It can be seen that there exists a general increase in level
across the frequency range from 2000 to 5000 Hz as the gear backlash (and typically
also rattle) increases. Other than this broadband increase in level, no speciﬁc identiﬁer
of gear rattle is observed to monotonically increase with the increase of gear backlash.

2.5

Short Time, Discrete Fourier Transform (Spectrograms)

Because the gear rattle phenomenon results in a noise with unique temporal characteristics, the short time, discrete Fourier transform for the gear rattle signals were
investigated. The discrete short-time Fourier transform was calculated as
N −1
kn
1 
Xk (k, l) =
x((1 − o)lN + n)Δ)w(n)e−j2π N ,
N n=0

(2.9)
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where x(nΔ) is the discrete time signal at sample n, w is the window, N Δ is the
length of the window in seconds, k is the frequency index (fk =

k·fs
),
N

o is the fraction

overlap between windows, and l is the time index at which the data starts for which
the discrete Fourier transform is evaluated. |Xk (k, l)| is the spectrogram of a signal.
For this research, ten millisecond Hann windows were used for the generation of
the spectrograms. Short windows were needed to capture the fast ﬂuctuations in
amplitude caused by gear rattle impact events. The spectrograms for the gear rattle
signals are shown in Figures 2.3 and 2.4. Note that the color axis for the ﬁgures are
the same.

Figure 2.3. Spectrograms for the (a) Baseline, (b) 0.002 inch, (c) 0.004 inch, and (d)
0.006 inch backlash measurements. The color axis ranges from 55 dB SPL (blue) to
80 dB SPL (red).
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Figure 2.4. Modulation spectra for the (a) 0.008, (b) 0.010 inch, (c) 0.012 inch, and
(d) 0.014 inch backlash measurements. The color axis ranges from 55 dB SPL (blue)
to 80 dB SPL (red).

Although it is perhaps diﬃcult to see meaningful characteristics in the spectrograms,
some useful observations can be made. A general increase in level of the spectral
content occurs in the region from 2-5 kHz as the backlash is increased. In the higher
backlash cases, the frequency content around 3 kHz appears to greatly increase when
compared to the lower backlash cases. Impulsive, broadband features can also clearly
be seen in the spectrograms (especially in the frequency range from 2-4 kHz). These
features occur approximately sixty times per second, and are possibly related to the
gear rattle impact events.

2.6

Modulation Spectra

A metric to quantify the amount of gear rattle in an engine involving the use of modulation spectra was proposed by Heinrics and Bodden [24]. The modulation spectrum
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of a signal is a function of modulation depth, modulation frequency, and carrier frequency. The calculation of the modulation spectrum is done by ﬁrst calculating a
spectrogram (discrete-time, short-time Fourier transform) of a time history with sufﬁciently short windows to capture fast ﬂuctuations in amplitude. This calculation is
performed as described in the previous section. The modulation spectrum can then
be calculated as
M −1
km
1 
|Xk (k, l)w(l)|e−j2π M |,
|Xm (k, m)| = |
M l=0

(2.10)

where m is the modulation frequency index and M is the length of the DFT of each
frequency at index k. The subscript notation Xk and Xm are used to diﬀerentiate
between the frequency spectra and the modulation spectra.

2.6.1

Simple Amplitude Modulated Signals: An Example

To demonstrate the modulation spectrum analysis, simple amplitude modulated signals were generated and the modulation spectra for the signals were calculated. The
ﬁrst example signal comprised two amplitude modulated pure tones at two discrete
frequencies and two diﬀerent modulation frequencies. The signal can be represented
by
x1 (tn ) = x11 (tn )(1 + sin(2π40tn )) + x12 (tn )(1 + 0.5 sin(2π70tn )) + x13 (tn ),

(2.11)

where x11 (tn ), x12 (tn ), and x13 (tn ) are the pure tones components of the signal represented by
x11 (tn ) = A sin(2π2000tn ),

(2.12a)

x12 (tn ) = A sin(2π3500tn ),

(2.12b)

x13 (tn ) = A sin(2π3000tn ).

(2.12c)
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In the equations above, A is the average value of the amplitude of the modulated
signal components (set to be equal in this example) and tn are the discrete times at
which the signal was sampled (at a rate of 51200 kHz). While the amplitude of the
pure tone components was the same, the modulation depth of the signals diﬀered.
The 2000 Hz tone was modulated at 100%, the 3500 Hz tone was modulated at 50%,
and the 3000 Hz tone was not amplitude modulated. The time history, spectrogram,
and magnitude of the modulation spectrum for the modulated pure tone example
signal are shown in Figure 2.5.

Figure 2.5. The (a) time history, (b) spectrogram, |Xk (k, l)|, and (c) magnitude of
the modulation spectrum, |Xk (k, l)|, for an example signal with amplitude modulated
pure tone components. In (b) the spectrogram, the color represents the amplitude of
the frequency components where blue is small and red is large. In (c) the modulation
spectrum, the color represents the level of modulation of the signal in which blue is
no modulation and red is a large modulation.

The pure tone amplitude modulation can clearly be seen in the spectrogram as the
intensity of the pure tones change through time at the described rates. As expected,
features on the modulation spectrum clearly indicate the presence of modulation in
two of the tonal components. The 2000 Hz pure tone has a greater modulation depth
than the 3500 Hz tone, and the corresponding feature in the modulation spectrum
can be seen to have a higher level. A signiﬁcant feature is also clearly seen at the zero
Hz modulation frequency, which corresponds to the average amplitude of the tonal
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component. The unmodulated tone only has this zero Hz feature in the modulation
spectrum.
An example signal containing amplitude modulated broadband noise was also
generated and is described by

x2 (tn ) = Prms r(tn )(1 + sin(2π60tn )),

(2.13)

where r(tn ) is a gaussian distributed random sequence (generated using randn in
MATLAB). All frequency components in the signal were 100% amplitude modulated
at the rate of 60 Hz. The time history, spectrogram, and modulation spectrum of the
amplitude modulated broadband noise example signal are shown in Figure 2.6.

Figure 2.6. The (a) time history, (b) spectrogram, and (c) modulation spectrum for an
example signal with amplitude modulated broadband noise. In (b) the spectrogram,
the color represents the amplitude of the frequency components where blue is small
and red is large. In (c) the modulation spectrum, the color represents the level of
modulation of the signal in which blue is no modulation and red is a large modulation.

The fast change in amplitude of all frequency components can be seen in the spectrogram in Figure 2.6. A solid line can also be seen in the modulation spectra at 60
Hz indicating the modulation of all carrier frequencies at that rate.
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2.6.2

Gear Rattle Modulation Spectra Analysis

Ten millisecond Hann windows were also used to calculate the short-time, discrete
Fourier transform for use in the modulation spectra for the diesel engine sounds. This
window length is small enough to ensure that fast ﬂuctuations (at a rate of up to 200
Hz) were captured. The modulation spectra for the gear rattle signals are shown in
Figures 2.7 and 2.8.

Figure 2.7. Modulation spectra for the (a) baseline, (b) 0.002 inch, (c) 0.004 inch,
and (d) 0.006 inch backlash measurements. The color axis ranges from 0 Pa (blue)
to 0.013 Pa (red).
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Figure 2.8. Modulation spectra for the (a) 0.008, (b) 0.010 inch, (c) 0.012 inch, and
(d) 0.014 inch backlash measurements. The color axis ranges from 0 Pa (blue) to
0.013 Pa (red).

As was mentioned earlier, the nominal operating speed of the engine for these
gear rattle recordings was approximately 680 rpm. For this speed, the ﬁrst engine
order is at 11.3 Hz. It can be seen in the modulation spectra for the rattle signals
that, in general, the modulation depth is greater at multiples of the half-engine orders
than other modulation frequencies. These half-orders are related to the rate of the
ﬁring of one engine cylinder. This indicates that some modulation occurs due to the
ﬁring rate of the individual cylinders. It can also be seen that signiﬁcant modulation
occurs at the ﬁring frequency at approximately 32.5 Hz for all signals. However, the
modulation at twice the ﬁring frequency (approximately 65 Hz) is the main feature
that appears to increase with an increase in gear rattle. It was seen in the power
spectral densities of the gear rattle signals that the spectral content increases in the
region between 2-5 kHz. The modulation in the carrier frequency range also increases.
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In the calculation of Bodden and Heinrichs’ Diesel Rattle Modulation Index, the
modulation spectra for the gear rattle signals were normalized to the modulation
component at zero Hz for each discrete carrier frequency to create the modulation
index by

Xmi (k, m) =

|Xm (k, m)|
.
|Xm (k, 0)|

(2.14)

This normalization eﬀectively minimizes the eﬀect of the overall level of each frequency
component on the level of modulation represented in the modulation spectra. The
modulation index spectra for the gear rattle signals are shown in Figures 2.9 and 2.10.

Figure 2.9. Modulation spectra for the (a) baseline, (b) 0.002 inch, (c) 0.004 inch, and
(d) 0.006 inch backlash measurements normalized to the overall level of the baseline
signal. The color axis ranges from 0 (blue) to 0.5 (red).

22

Figure 2.10. Modulation spectra for the (a) 0.008, (b) 0.010 inch, (c) 0.012 inch, and
(d) 0.014 inch backlash measurements normalized to the overall level of the baseline
signal. The color axis ranges from 0 (blue) to 0.5 (red).

The modulation index has similar features to the unnormalized modulation spectra
of the gear rattle signals. Normalization seems to highlight the modulation at the
ﬁring frequency (32.5 Hz) in the baseline signal. However, the general increase in
modulation at twice the ﬁring frequency (65 Hz) is still present in the modulation
index.
The average modulation index was then calculated for each of the signals by
evaluating

X̄mi (m) =

ku
−Δk
1
Xmi (k, m),
ku − kl k=k

(2.15)

l

where ku and kl are the upper and lower indices of the carrier frequencies over which
gear rattle is most likely to occur. The frequency range used in the research is between
500 and 7,000 Hz. The average modulation index for the gear rattle signals is shown
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in Figure 2.11. It has been shown that the diﬀerence in modulation due to gear rattle
is most apparent at a modulation frequency corresponding to twice the ﬁring rate of
the engine. The average modulation index zoomed in to show the order of the signals

Average Normalized Modulation Index

at the modulation frequency of interest is shown in Figure 2.12.
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Figure 2.11. The average modulation index for signals with increasing amounts of
gear rattle.
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Figure 2.12. The average normalized modulation index for signals with increasing
amounts of gear rattle at the modulation frequency related to twice the engine ﬁring
frequency.

In Figure 2.11, three modulation frequencies have signiﬁcant peaks in the average
normalized modulation index. As was noted in the previous analysis of the modulation spectra, modulation frequencies related to the ﬁring frequency and twice the
ﬁring frequency contain large amounts of modulation. The modulation at the ﬁring
frequency does not appear to change with the presence of gear rattle. However, the
modulation at twice the ﬁring frequency does increase with an increase in gear rattle.
Although the growth does not appear monotonic with an increase in backlash, general
trends can be seen. Namely, the lower backlash cases (0.002 and 0.004 inch) have
values less than the higher backlash cases. The baseline measurement is an exception
and has modulation at this modulation frequency that is between the low and high
backlash cases. The origin of the feature at approximately 44 Hz modulation frequency was not easily identiﬁed by inspecting the modulation spectra. In this region,
modulation decreases with an increase in rattle. Based on these observations, a possible metric to determine the amount of gear rattle using the amount of modulation at
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the twice the ﬁring frequency was developed. The Modulation Index Metric, M IM ,
was calculated by integrating over the peak in the average normalized modulation
index. This metric can be expressed as

M IM = AN M I(2fﬁring ),

(2.16)

where AN M I(fm ) is the Average Normalized Modulation Index evaluated across
modulation frequency, fm .
Based on the observation that the values of the average normalized modulation
index appear to decrease with rattle, a second metric is proposed that normalizes the
modulation that occurs at twice the ﬁring frequency to the modulation at the ﬁring
frequency. This ratio of the modulations as a measure of gear rattle noise implies that
gear rattle is worse when the faster ﬂuctuations in energy (modulation at twice the
ﬁring frequency) are greater than the slower ﬂuctuations in energy (modulation at
the ﬁring frequency). Using the same notation as before, the Normalized Modulation
Index Metric, denoted as M IM ∗ , can be written as
M IM ∗ =

AN M I(2fﬁring )
.
AN M I(fﬁring )

(2.17)

The values of these modulation metrics for the various backlash measurements are
given in Table 2.2.
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Table 2.2. Modulation metrics of gear rattle signals.
Gear Backlash [inches]

M IM

M IM ∗

Baseline (Scissors Gear)

0.53

0.90

0.002

0.46

0.78

0.004

0.49

0.89

0.006

0.55

0.92

0.008

0.69

1.21

0.010

0.62

1.17

0.012

0.61

1.07

0.014

0.67

1.20

It can be seen that both metrics tend to increase with an increase in gear rattle. The
M IM ∗ metric has an interesting property in that it provides values that are above
and below one. Anecdotally, the cases with high gear rattle as judged by diesel noise
engineers have M IM ∗ values that exceed one. However, the use of this metric to
assess gear rattle would indicate that the 0.008 inch backlash caused the highest level
of gear rattle. A unique rattling feature can be heard in this recording that is perhaps
indicative of higher rattle at this condition than in the higher backlash setting cases.

2.7

Sound Quality Metrics Analysis

Many characteristics other than overall level aﬀect the overall quality of sound [29].
Both temporal and spectral characteristics are processed in complex ways by the
auditory system and play a key role in human response to noise. Therefore, the
overall sound quality of gear rattle noise is of particular interest to this research.
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2.7.1

Overview of Sound Quality Metrics

Previous models designed to quantify the annoyance of diesel engine noise used sound
quality metrics such as Loudness, Roughness, Sharpness, Impulsiveness, etc. It should
be noted that the calculation of some of the sound quality metrics, such as Roughness,
are well deﬁned for simple signals but not for complex signals.

2.7.1.1

Loudness

Loudness is a sensation related to the intensity of a sound. Much work has been done
to relate subjective assessments of loudness to objective measurements. One such
objective measure is the Sound Pressure Level, SPL, which was previously described.
The perception of growth of loudness with respect to the intensity of a sound is also
logarithmic. Steven’s Law states that the relationship between the intensity (I) and
perceived loudness (L) of a sound is
L = kI 0.3 ,

(2.18)

where k is a constant that depends on the units used. This approximation is simplistic
in that it does not take into account factors such as frequency selectivity or temporal
masking on perceived loudness. Zwicker developed a procedure to calculate loudness
of signals that vary with time. The DIN 45631/A1 standard speciﬁes the calculation
for time-varying loudness [30] and was used for the calculation of loudness for the
gear rattle measurements.

2.7.1.2

Sharpness

The Sharpness [21, Chapter 9] of a sound is a measure of the spectral balance of a
weighted loudness spectrum. This is related the ‘shape’ of the loudness frequency
spectrum for a given sound. Sounds that have higher amounts of high frequency content than low frequency content are generally considered sharp. The unit of Sharpness
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is the acum. One acum is the sharpness of narrow-band noise centered at 1 kHz with
a 160 Hz bandwidth at a sound level of 60 dB. A model of Sharpness developed by
von Bismark [31] and is given as
 24 Bark
S=c

0

N  g(z)zdz
acum,
 24 Bark
 dz
N
0

(2.19)

where N  is the speciﬁc loudness (loudness in a speciﬁc critical band), g(z) is a factor
dependent on the critical-band-rate, and c is a normalization constant.

2.7.1.3

Tonality

The tonality of a sound is related to the tonal composition of a signal. Sounds that
are comprised of pure tones or narrowband noise will tend to sound more tonal than
broadband noise. Aures [32] developed a model for tonality to assess the euphony of
a sound. The unit for Tonality is the Tonality Unit [TU] and is unity for a 1 kHz
pure tone at 60 dB. The calculation of Tonality is based on tonal and narrowband
components (peaks) in the frequency spectrum of a signal. Tonality is also dependent
on frequency, and Tonality is highest near 700 Hz. It should be noted that the
Tonality of non-stationary and random signals are diﬃcult to calculate due to the
changes in frequency content through time.

2.7.1.4

Roughness

Modulated sounds also have an eﬀect on the overall quality of a sound. Modulations
that are fast are perceived as ‘rough’ and are thus quantiﬁed by the Roughness metric
[21, Chapter 11]. Periodic ﬂuctuations that occur at a rate between 15 and 300 Hz
produce the roughness sensation. This sensation is most pronounced for ﬂuctuations
that occur at 70 Hz. The Roughness metric is described quantitatively by the unit
the asper. A 60 dB, 1kHz tone 100% amplitude modulated at a rate of 70 Hz has a
Roughness of 1 asper.
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For simple sounds, Roughness is well deﬁned. However, for complex sounds, the
spectral content and the rate of modulation both aﬀect the roughness sensation.
Zwicker and Fastl [21] proposed a model of Roughness described by the equation


24 Bark

ΔLE (z)dz asper,

R = 0.3fmod

(2.20)

0

where z is the critical-band-rate, fmod is the rate of modulation in kHz, and ΔLE is
the change in excitation level in dB. ΔLE can be approximated using the changes in
level of the speciﬁc loudness values by

ΔLE (z) = 20 log10


Nmax
(z)
.

Nmin (z)

(2.21)



and Nmax
are the maximum and minimum speciﬁc loudness values, rewhere Nmax

spectively. The Roughness contribution to the overall sound quality is of particular
interest in the investigation of gear rattle noise. The gear teeth impact events occur
semi-regularly and produce fast, broadband modulations which might inﬂuence the
perceived roughness of the sound.

2.7.1.5

Impulsiveness

Diesel engine noise is often considered to be impulsive. Gear rattle noise is also
described as impulsive due to the repeated impacts of the gear teeth. One measure
of impulsiveness is Kurtosis [33]. Kurtosis is the normalized fourth standard moment
of a signal (μ4 ), or

KRT =

μ4
,
μ22

(2.22)

where μ22 is the second standard moment of a signal. It is important to note that
Kurtosis is not a psychoacoustic measure, but rather is a purely statistical measure.
Since Kurtosis is not based on human perception of sound, care should be taken when
using it as a predictor of subjective response to impulsive sounds.
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2.7.2

Gear Rattle Sound Quality Analysis

Head Acoustic’s ArtemiS sound quality software was used to calculate the sound
quality metrics for the gear rattle signals. Commonly used sound quality metrics for
the signals of increasing backlash are shown in Table 3.3.
Table 2.3. Noise metrics for backlash measurements. N5 , R5 , S5 , and K5 are, respectively, Loudness, Roughness, Sharpness, and Tonality exceeded 5% of the time.
KRT is the Kurtosis value of the signal.
Gear Backlash [inches]

N5 , sones

R5 , asper

S5 , acum

K5 , TU

KRT

Baseline (Scissors Gear)

58.3

5.72

1.52

0.12

3.24

0.002

59.0

5.79

1.52

0.10

3.59

0.004

60.3

5.85

1.50

0.12

3.63

0.006

66.2

6.71

1.48

0.08

3.95

0.008

65.8

6.31

1.53

0.10

3.60

0.010

71.6

7.19

1.48

0.08

3.84

0.012

68.8

7.06

1.55

0.09

3.91

0.014

71.3

7.37

1.55

0.10

3.93

An increase in Loudness is observed with an increase in gear rattle. This is perhaps
expected as it was previously noted that the intensity of sounds increase with an
increase in rattle. Roughness is also observed to increase with rattle. Since gear
rattle is the result of impacts related to the ﬁring rate of the engine, it is also expected
that Roughness would increase with an increase in intensity of these impacting events.
The Sharpness and Tonality metrics do not monotonically change with respect to gear
rattle. Kurtosis also generally increases with an increase in rattle. This indicates an
increase in the impulsiveness of sounds as rattle increases.
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2.8

Summary of Gear Rattle Noise Characterization

An investigation into the intensity, spectral, and temporal characteristics of gear rattle
noise was conducted. It was found that gear rattle noise is caused by repeated impacts
due to ﬂuctuations in torsional acceleration of the driving gears. These pulsations in
torque are related to the combustion events in the diesel engine operation, and thus,
the temporal characteristics of the gear rattle noise is also related to the operation
speed of the engine. The overall noise level of the engine increased with an increase in
gear rattle. The rattle impact events cause a broadband, increase in frequency content
between 2-5 kHz. Because this is the prominent change in the spectral characteristic
of the noise, a frequency based analysis was not especially useful in assessing gear
rattle noise.
However, the temporal characteristic of the rattle noise was found to be an important feature of the noise. The normalized modulation index showed a signiﬁcant
increase in modulation at a rate of twice the ﬁring frequency of the engine due to an
increase in gear rattle noise. The increase in modulation was also seen in the Roughness metric calculation of the sounds. Finally, the impulsiveness of the overall noise
(as measured by Kurtosis) was found to increase with an increase in rattle noise.
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3. GEAR RATTLE NOISE SIMULATION
In Chapter 3, the development of a method to simulate gear rattle noise is described.
These simulations were developed for two purposes: to gain a better understanding of
the character of gear rattle noise and also to create stimuli for use in psychoacoustic
tests. This simulation method requires both rattle and rattle-free (or very low rattle)
sounds and is based on the diﬀerence in the noises produced in these two cases. The
subjective test described in the next chapter was an important part of this research,
and thus, the method described in this chapter is focused on getting the simulated
sound to sound like the selected gear rattle noise measurement. However, the method
was developed with various adjustable parameters and listening to the range of sounds
that are produced when using the method led to a greater understanding of gear rattle
noise.

3.1

Measurements Used in Simulation

The present gear rattle model was developed using measurements on an engine conﬁgured to produce both high and low amounts of gear rattle. The data set with
the gear backlash setting of .010 inches (0.254 mm) was chosen for the ‘high rattle’
measurement because this was judged by diesel engine noise engineers to represent
an example of a high level of gear rattle. The scissor gear data were selected as
the baseline for the simulation because it was deemed to contain the lowest amount
of gear rattle among the available measurements. The far-ﬁeld noise measurement
normal to the timing gear train (i.e., on the front side of the engine) was selected as
the measurement location to be used in the simulation because this was the location
in which the gear rattle would be the most prominent. A no-load, low-idle engine
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operating condition was selected for the simulation because gear rattle is, in general,
more pronounced at idle.

3.2

Gear Rattle Simulation

As illustrated in Figure 3.1, the simulations comprised two parts: the noise of a
low gear rattle engine which was used to create the background engine noise, and
the noise caused by gear teeth impact events. The simulation was designed using
measurements of noise from a diesel engine at idle with very low gear rattle. The
simulation process consists of the following seven stages, the details of which are
described in the subsections below.
1. An impulse train is generated that is synchronized to the low gear rattle noise
measurement. The instantaneous operating speed of the engine is determined
from an estimation of the instantaneous frequency of the tone related to the
fundamental ﬁring frequency of the baseline engine.
2. The low gear rattle noise measurement is ampliﬁed by a factor, G, to account
for the observed increase in diesel engine noise that is not directly caused by
the gear rattle impact events in the high gear rattle noise measurements. It
was determined that an ampliﬁcation factor of 1.2 approximates the increase in
background engine noise well.
3. The timing and amplitude of the gear rattle impulses are set. Primary impulses
(pulses occurring quickly following a ﬁring event) are set using the enginesynchronized impulse train as a guide. The primary pulses are set with a random timing and amplitude variation. A second set of impulses related to the
reengagement of the gear teeth (after they have lost contact, hit the other gear
tooth, and the re-engaged) is added to the impulse train (there could be multiple
impacts). These impulses quickly follow the original impulses by a percentage
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Figure 3.1. Gear rattle noise simulation model.
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of the period between primary pulse and the next cylinder ﬁring. A random
timing and amplitude variation is also added to the second impulses.
4. Some gear rattle impulses are removed (i.e., amplitudes set to zero). The selection of the impulses to be removed is based on samples from a uniformly
distributed random process that produces values between 0 and 1 (the output
of rand in MATLAB). If 100a% of the impulses are to be removed, then an
impulse is removed if the corresponding random variable sample is less than a.
This step was added to the simulation to mirror the variations that are typically present in engine sounds when rattle is present. Without this step, the
simulated sounds are too regular and sound artiﬁcial.
5. The impulse train is ﬁltered using a ﬁnite impulse response (FIR) ﬁlter that is
designed using the power spectral densities of the high and the ampliﬁed low
gear rattle measurements. The damping characteristics of the ﬁlter are altered
to add a ’metallic’ sound to the impact events.
6. To vary the level of gear rattle noise, xrattle , present in the simulated signal,
xrattle is ampliﬁed or attenuated.
7. The ampliﬁed ﬁltered gear rattle impact train, γxrattle , and the ampliﬁed low
gear rattle measurement, xg (t), are summed to create the engine noise.

3.2.1

Baseline Synchronized Impulse Trains

The timing of the gear rattle impacts is guided by the speed of the engine in the
baseline measurement [11]. In summary, impact events occur due to the ﬂuctuations
of the diﬀerential acceleration of the driving gears. Rattle occurs when the inertial
torque of the driving gear is greater than the drag torque of the driven gear. In these
instances, the driven gear and the driving gear lose contact. Two impact events can
occur when the gears lose contact. The ﬁrst impact can occur when the leading edge
of the driven tooth impacts the trailing edge the tooth on the driving gear. The
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second impact occurs when the correct gear teeth reengage. The diesel combustion
ﬁring events are a possible cause of the ﬂuctuations in the inertial torque that force
the gears to lose contact. Therefore, the timing of the rattle impacts in this simulation is synchronized to the timing of the combustion events, and subsequently the
instantaneous operating speed of the engine.
The instantaneous operating speed of the engine in the baseline measurement
was estimated by calculating the instantaneous frequency of the tone related to the
fundamental ﬁring frequency of the engine. The ﬁring frequency is the inverse of
the time between sequential combustion ﬁring events. The frequency variation of the
ﬁring frequency tone is therefore directly related to the variation in engine speed.
The baseline measurement was band-pass ﬁltered around the ﬁring frequency of the
engine prior to the instantaneous frequency calculation. The band-pass ﬁlter should
have lower and upper cut-oﬀ frequencies that are far enough apart to capture most
of the range of frequency variation of the tone. In the example shown later, the tone
related to the ﬁring frequency in the baseline measurement was approximately 32.5
Hz. A third-order Butterworth band-pass ﬁlter was designed with 30 Hz and 35 Hz
lower and upper cut-oﬀ frequencies, respectively. A Hilbert Transform approach was
used to estimate the instantaneous frequency by using the expression

f (tn ) =

1 x̂˙ BP (tn )xBP (tn ) − ẋBP (tn )x̂BP (tn )
,
2π
xBP (tn )2 + x̂BP (tn )2

(3.1)

where xBP (tn ) is the low gear rattle noise measurement band-pass ﬁltered around the
ﬁring frequency of the engine, x̂BP (tn ) is an estimation of the Hilbert Transform of the
band-pass ﬁltered signal, ẋBP (tn ) and x̂˙ BP (tn ) are estimates of the derivatives of the
band-pass ﬁltered signal and the estimated Hilbert Transformed signal, respectively.
Also, f (tn ) is the instantaneous frequency and tn are the discrete times at which the
signals are sampled. The estimations of the Hilbert Transform and the diﬀerentiated
signals were constructed by using 255 and 121 point digital ﬁnite impulse response
ﬁlters, respectively. The FIR ﬁlters were designed using the Parks-McClellan algo-
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rithm [34] (ﬁrpm function in MATLAB) and worked well over the frequency ranges
20 to 3150 Hz and 0 to 2200 Hz, respectively.
An inﬁnite impulse response digital ﬁlter that simulates integration was used to
generate the instantaneous phase of the signal, φ(tn ), from the instantaneous frequency, f (tn ), and a sinewave of the form:

xguide (tn ) = sin (φ(tn ))

(3.2)

was generated to help in the assigning of the timing of the impulsive events that occur
during gear rattle. The time of a ﬁring event was determined by visual inspection
of the time history of the baseline measurement, and the corresponding value of the
xguide (tn ) signal at that time is noted. In the example shown in Figure 3.2, this value
is close to the maximum of the xguide (tn ) signal and is denoted by a red cross. A
program was written to take this information and then automatically determine the
times at which the xguide (tn ) signal passes through this value, and these times are
used to estimate the cylinder ﬁring times, Tsync (n). Note that while it is not obvious
in the short segment of signals shown in Figure 3.2, the time between cylinder ﬁrings
vary throughout the signal, even though the engine is running at a nominal constant
speed.
A vector of times, Tsync , was generated corresponding to the times of the ﬁring
events in the cylinders.

3.2.2

Setting the Timing and Amplitude of the Gear Rattle Impulses

The times of the gear rattle impact events is next determined. Multiple gear impact
events may occur between cylinder ﬁring events. These events are categorized as
the primary and secondary impulses. The primary impulse is an impacting event
that quickly follows a cylinder ﬁring event. The secondary impulses are a series of
impacts that occur sequentially after the primary impulse. It was found through trial
and error that two events produced the most realistic sounds, and so in the example
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Figure 3.2. Synchronizing the gear rattle primary pulse train with the (a) baseline
noise measurement by using (b) a sine wave with a frequency variation of the estimated instantaneous engine speed.
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shown below, there is a primary impulse and just one secondary impulse between
cylinder ﬁring events.
The location of the impulses in the time history is a function of both deterministic
(related to the cylinder ﬁring times, Tsync (n)) and random elements. A random delay
is included to account for the non-deterministic nature of the gear rattle impacts. A
schematic of the timing of the two impulses between two consecutive cylinder ﬁrings
is shown in Figure 3.3. The shaded regions are the ranges of possible locations for
the primary and secondary pulses.

Figure 3.3. Illustration of setting gear rattle impact times. The shaded areas represent
the possible locations of the gear rattle impact events due to the random delay.

The amount of delay is limited to a fraction of the current period between impacts.
The time of the primary impulse is
T1 (n) = Tsync (n) + R1 (n)[Tsync (n + 1) − Tsync (n)],

(3.3)

and for the secondary impulse is
T2 (n) = T1 (n) + (PSI + R2 (n))[Tsync (n + 1) − Tsync (n)],

(3.4)

where T1 (n) is the time of the nth primary impulse, T2 (n) is the time of the nth
secondary impulse, and R1 (n) and R2 (n) are selected from a uniformly distributed
random process that allows for the control of the amount of random variation of the
timing of the primary secondary impulses. In addition, PSI is the fraction of the
cylinder to cylinder ﬁring period that the second impact occurs after the ﬁrst impact.
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In the case with multiple secondary impacts, PSI would become a function of the
number of secondary impacts. Care should be taken when setting these parameters
so that no gear impacting event is allowed to occur after the next (n+1) cylinder
ﬁring event.

3.2.3

Turning ‘Oﬀ ’ Random Impulses

There might also be combustion events that do not cause a gear rattle impact event.
To account for these cases, some primary and corresponding secondary impulse times
are removed from the vector of gear impact times. The decision to remove an impact
is guided by whether values taken from a uniformly distributed random process that
generates numbers between 0 and 1 are less than a preset value (Poﬀ ).

3.2.4

Generate Impulse Train

Next, this reduced vector of impact times (containing both the primary and secondary
impacts) and corresponding amplitudes are used to generate a signal of the same
sampling frequency as the measurements. The signal generated is zero everywhere
except at the impact times. The impulse amplitudes are uniformly distributed from
RAmin to 1.

3.2.5

Gear Rattle Filter

A diﬀerence in the power spectral densities between the low gear rattle and high gear
rattle measurements was observed. To account for this diﬀerence in spectral content,
a ﬁnite impulse response (FIR) ﬁlter was designed to shape the gear rattle impact
simulation so that high rattle simulations had the same (on average) spectral content
as the high rattle measurement. If it can be assumed that the gear rattle noise caused
by the impacts is a noise source independent of the normal (baseline) engine noise,
the gear rattle spectrum can be written as
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SxR xR (f ) = SxHR xHR (f ) − SxD xD (f ),

(3.5)

where SxHR xHR (f ) is the power spectral density of the high gear rattle measurement
which contains both the baseline diesel engine noise and the gear rattle impact noise,
SxD xD (f ) is the power spectral density of the ampliﬁed baseline measurement (little
or no rattle), and SxR xR (f ) is the estimate of the power spectral density of the rattle
part of the signal. In the present case, SxR xR (f ) was estimated using the available
high rattle and low rattle measurements. The spectral resolution of the power spectral
densities used in this example was 6.25 Hz and they were estimated by averaging with
371 segments. Hann windows were used with 50% segment overlap. The magnitude
of the frequency response of the rattle ﬁlter is set to

|Hrattle ﬁlter (fk )| =

SxR xR (fk )
,
SxPT xPT (fk )

(3.6)

where SxPT xPT is the power spectral density of the previously discussed gear rattle
impulse train and fk are the frequencies at which the power spectral densities were
calculated. The magnitude of the frequency response of the gear rattle ﬁlter is shown
in Figure 3.4.
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Figure 3.4. Frequency response of the gear rattle ﬁlter.
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This ﬁlter was made to be minimum phase by using the Hilbert Transform relationship between the minimum phase of a system and the log of the magnitude of the
frequency response [35]. This procedure was implemented using FIR digital ﬁlters.
The FIR ﬁlters were also designed using the Parks-McClellan algorithm [34] and was
constructed of 255 points. The impulse train was passed through this ﬁlter to generate
an estimate of the gear rattle impact noise.
When the impulse train was passed through this ﬁlter to generate an estimate of
the gear rattle impact noise, the gear rattle impact events sounded dull. This may
have been a result of the spectral estimation smoothing of the lightly damped features
in the frequency response function. By decreasing the damping of some of the rattle
ﬁlter impulse response components, the impact events could be made to sound more
metallic and thus more realistic. Reducing the damping of all components did not
help in increasing the realism of the simulation. The selection of features to modify
was guided by some additional measurements on the diesel engine gear train.
Tap tests on gears on the engine and the front cover of the timing gear train were
conducted at Cummins to identify the resonant characteristics that an impact event
might excite. Frequency response functions (FRFs) were estimated and a corresponding impulse response was calculated. A Prony series analysis was performed on the
impulse response of the radiated acoustic energy from an impact of the loaded gears
through the front cover to a microphone one meter normal to the gears. The Prony
analysis decomposes a signal into a series of damped exponentials and damped sinusoids [36] (see [37] for an overview of this well known technique), and the amplitude,
damping, frequency, and phase of the components can be determined.
A Prony series model of order 450 was found to produce a good match to the
data when 4,110 data point of the impulse response were used in the estimation of
the parameters (shown in Figure 3.5(a)). The components related to the resonant
features of the gear system were determined by selecting the components with the
highest energy (determined over 0.3 seconds at the start of the signal) and having
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small estimated damping coeﬃcients. The characteristics of the components were
used as a guide in the modiﬁcation of the gear rattle ﬁlter.
A similar Prony analysis was then performed on the impulse response of the
rattle ﬁlter. The frequencies of the components in this model that were closest to the
component frequencies identiﬁed in the tap test were selected for modiﬁcation. These
were at 880, 2364, and 3847 Hz, very close to the three corresponding frequencies in
the tap test, as shown in Table 3.1. The damping of these (three) components was
decreased, but was not set to the low damping of the components identiﬁed in the tap
test. This was because doing so led to a prominent ‘ringing’ feature that is not heard
when listening to the gear rattle measurements. The adjustments to the damping
characteristics for the components that were modiﬁed in the example simulation are
shown in Table 3.1. The original and modiﬁed impulse responses rattle ﬁlter impulse
response are shown in Figure 3.5(b). The decreased damping causes the modiﬁed
impulse response to ‘ring’ longer than the original impulse response and have the
metallic character found in high rattle recordings.
Table 3.1. Adjustment of damping characteristics of the gear rattle ﬁlter.
Gear System Tap Test
Gear System Resonance, Hz

885

2340

3853

Damping Ratio, ζ

0.004

0.002

0.002

Gear Rattle Filter
Mode Frequency, Hz

880

2364

3847

Damping Ratio, ζ

0.039

0.011

0.008

Adjusted Damping Ratio, ζ

0.013

0.004

0.003

The gear impact impulse train was ﬁltered with the modiﬁed gear rattle ﬁlter to
simulate the impact events associated with the gear rattle phenomenon. Gear noise
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Figure 3.5. (a) The original gear rattle impulse response (blue) and the Prony series
model (green) and (b) the original gear rattle impulse response (blue) and the impulse
response with decreased damping of various components (green). See Table 3.1 for
parameter values.
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levels were increased or decreased by amplifying the rattle components before adding
them to the ampliﬁed baseline (low gear rattle) measurement.

3.2.6

Tuning the Simulation

The selection of the values for the parameters controlling the timing and amplitude
variations previously described has a large inﬂuence on the overall character of the
gear rattle sound. The random delay of the ﬁrst impact, the delay of the second
impact, the randomness of the second impact, the randomness of the amplitudes of
the impulses, and the fraction of pulses that are turned oﬀ are all adjustable variables
in this simulation. Extensive work was performed to investigate the eﬀect of these individual parameters on simulated noise. Each parameter was varied through a range
of values while all other parameters were held constant. Sound quality metrics were
calculated to investigate how they were inﬂuenced by the parameter variations. Metrics examined were Loudness, Roughness, Sharpness, and Tonality [21]. These sound
quality metric values were then compared to the sound quality metrics determined
from the high gear rattle measurement.
In the gear lash study, the roughness and loudness metrics were found to increase
with an increase in backlash. Roughness was the most useful metric to guide optimization of the parameter settings in the simulation. The simulation parameters that
provided the best reproduction of the high rattle measurement are shown in Table 3.2.
Too small of a variation in cycle to cycle gear impulse timing lead to simulations that
sounded too regular. Spacing the primary and subsequent impulses uniformly lead to
audible pitch changes not present in the measurement. Turning oﬀ pulses was found
to be important to avoid simulations that sounded too regular, but turning oﬀ too
many impulses made the sounds too irregular.
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Table 3.2. Optimized simulation parameters.

3.3

Adjustable Parameter

Value

R1max

0.10

PSI

0.35

R2max

0.10

RAmin

0.20

Poﬀ

0.02

Simulation Results

Sample measurements and simulations are shown in Figure 3.6. The time histories of
the high gear rattle measurement and the simulation appear to have similar overall
levels. The baseline signal is smaller in amplitude than the measured and simulated
high rattle signals. The impacts can be clearly seen in the high gear rattle simulation
(c) and appear to have larger amplitude than the impacts seen in the high gear rattle
measurement. The impulses used in the timing train were all positive, and a possible
modiﬁcation would be to randomly switch the signs of the pulses to create a more
even distribution about the mean of the signal.
The corresponding power spectral densities of the signals are shown in Figure 3.7.
It can be seen that the design of the rattle ﬁlter ensures that the spectral content
of the simulation is in good agreement with the spectral content of the high rattle
measurement.
In addition to listening to the sounds, a variety of sound quality metrics were
used to compare the high gear rattle simulation to the high gear rattle measurement.
The Head Acoustics Artemis software was used to calculate Roughness, Loudness,
Tonality, and Sharpness for the various signals. The values of the sound metrics
exceeded ﬁve percent of the time for both the simulation and the measurements are
shown in Table 3.3.
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Figure 3.6. The time histories of (a) the low gear rattle measurement, (b) the high
gear rattle measurement, and (c) the high gear rattle simulation.
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Figure 3.7. Power spectral densities of the low gear rattle measurement (blue), high
gear rattle measurement (green), and high gear rattle simulation (red). Each tick
mark represents a 5 dB increment in the power spectral density.

85.1
88.0
87.8

High Gear Rattle Measurement

Gear Rattle Simulation

71.8

72.0

59.3

SPL, dBA N5 , sones

Low Gear Rattle Measurement

Signal

6.7

7.2

5.8

R5 , asper

1.48

1.48

1.51

S5 , acum

0.08

0.07

0.10

K5 , TU

4.97

3.85

3.41

KRT

Table 3.3. Sound metrics. N5 , R5 , S5 , and K5 are, respectively, Loudness, Roughness, Sharpness, and Tonality exceeded 5%
of the time. KRT is the Kurtosis of the signal.
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The sound quality metric values for the high gear rattle measurement and simulation are in close agreement. The overall level of the signal and the loudness are the
same between the two signals. The roughness metric (R5 ) is the most sensitive to
simulation parameter settings (timing of the impacts and random variations). The
fundamental frequency is approximately 32.5 Hz and the introduction of two pulses
per period creates ﬂuctuations at around 65 Hz. Roughness perception is higher for
ﬂuctuations in the 50-70 Hz range. Without the damping adjustment in the rattle
ﬁlter, the roughness value was even closer to that for the high rattle measurement.
However, the quality of the gear rattle was judged to be better (by engineers studying
gear rattle phenomena in diesel engines) with the decreased damping. The Kurtosis
of the simulation is much higher than the high gear rattle measurement which may
be, in part, due to the one sided nature of the impulses in the impulse train.

3.4

Summary of the Gear Rattle Noise Simulation

This simulation method has proven successful for creating realistic sounding time
histories with varying levels of gear rattle. The independent control of the level of
the gear rattle events will be a useful tool in determining thresholds at which gear
rattle may be detected and for understanding the way people perceive growth of gear
rattle. Gear rattle simulations created as described here were used in a subjective
test designed to quantify detectable levels of gear rattle; the results of that test will
be reported in the next chapter. Decisions that were made during the development of
the method that improved the sound of the simulations from a listening perspective
but degraded the sound quality metric comparison between the simulated and real
signals highlight the importance of listening to the sounds and not relying solely on
sound quality metrics during the simulation process. The understanding gained from
the development of this simulation process provided further insight into the sound
quality of gear rattle noise.
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4. SUBJECTIVE TEST
How people perceive and respond to gear rattle noise is relatively unknown, thus
three subjective tests were designed to explore this. First, the noise levels of gear
rattle required for people to detect the presence of the sound was investigated. The
‘thresholds’ of gear rattle noise were estimated by using well deﬁned signal detection techniques [38]. Then, the perception of growth and attenuation of gear rattle
noise was investigated by estimating the discrimination thresholds. The discrimination thresholds are the levels of gear rattle required for a stimulus rattle level to be
perceived as diﬀerent from a control rattle. Finally, the annoyance ratings of sounds
with and without gear rattle at various levels were investigated by using a paired comparison test. The details and results of this subjective test (IRB Protocol Number
1404014724) are described in detail in this chapter.

4.1

Subjective Test Background

In this sections the background of the subjective test will be discussed. First, the
location and test setup will be described. Then, the speciﬁc procedures used in the
subjective test will be detailed. Finally, details will be given regarding the subject
population included in this test.

4.1.1

Test Setup

The subjective test was performed in an Acoustic Systems double walled sound booth
in the Ray W. Herrick Laboratories. The playback system consisted of a LynxOne sound card, Tucker-Davis HB7 ampliﬁer, and Etymotic Research ER-2 tube
earphones. The sound card and earphones were chosen due to their ﬂat frequency
response and low noise ﬂoors.
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The ER-2 tube earphones present the acoustic signal directly to the eardrum of
the subject. This removes some of the inﬂuence of the outer ear (e.g., ear canal
resonance) on the perception of the sound. However, these eﬀects would be present
in a real world environment. All of the signals included in the test were ﬁltered using
an ear ﬁlter to replace the eﬀect of the outer ear.

4.1.2

Speciﬁc Procedures

Subjects were tested in the sound quality booth on an individual basis. Prior to
subject arrival, the left and right channels were calibrated using both 90 dB and 70
dB, 1 kHz calibration tones with the same calibration factor as the signals used in the
test. The maximum A-weighted Sound Pressure Level (using a one second average)
of each signal for each channel was recorded to check the calibration of the signals
and to ensure that the sounds were presented to the subjects at a safe listening level.
Once the subjects arrived to participate in the test, they were given a brief introduction to the research, asked to read and sign the informed consent document,
and asked to ﬁll out a brief background questionnaire. The questionnaire contained
questions regarding basic demographic information, previous noise exposure, knowledge of sound quality and/or noise control, and previous experience around diesel
engines. The subjects that self-identiﬁed as having experience around diesel engines
will be referred to as diesel engine ‘experts’. The subjects were then given a hearing
screening before they were allowed to proceed with the test. If a subject had a pure
tone threshold greater than 20 dB in any of the frequency regions tested (125 Hz to 8
kHz in octave steps), they were given contact information for the Purdue Audiology
clinic, given ﬁve dollars compensation, and were not allowed to participate in the
study.
Following the hearing screening, the subjects were given the speciﬁc instructions
to part one (the detectability portion) of the test. Prior to each part, the subject
was played familiarization sounds and participated in a brief practice test. Three
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signals (low, medium, and high gear rattle) were chosen to represent a range of gear
rattle levels and were presented to the subjects during the familiarization phase to
introduce them to the types of sounds included in the test. The length of part one
varied between subjects, but the average length was approximately 25 minutes. Upon
completion of part one, the subjects were oﬀered a short break followed by the speciﬁc
instructions for part two (the annoyance portion) of the test. The length of part two
of the test was approximately 10 minutes. The subjects were tested for a total time
of 35 minutes. After completion of the test, subjects were given an opportunity to
leave comments about the test. A post-test hearing check was then performed and
the subjects were compensated ten dollars for participating in the study.

4.1.3

Subjective Population

Advertisements for the present research were posted on public boards in Purdue
buildings and on Purdue’s campus. Most of the subjects were Purdue students and
staﬀ. A small number of Cummins engineers who specialize in gear noise were also
invited to participate in the study. Forty subjects were tested in total. The subjects
were 19 men and 20 women ranging in ages from 19 to 36. The median age of
the subjects was 24. Four Cummins engineers participated in the study, and the
other 36 subjects volunteered in response to the posted advertisements. Thirteen of
the subjects (including the Cummins engineers) self-identiﬁed as being experienced
around diesel engines. A total of 43 subjects volunteered to participate in the study,
but three failed the hearing screening and were not allowed to take the test.

4.2

Detectability Test

The gear rattle simulations were used in a subjective test designed to identify the
detectable levels of gear rattle noise with respect to the background noise levels of
a diesel engine operating without gear rattle. The gear rattle simulation method
provided a way of generating gear rattle noise that could be controlled independently
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of the other engine noise. This gear rattle noise could be added to the diesel engine
noise without gear rattle (baseline) to generate simulations of the overall engine noise
with varied levels of gear rattle. The assumption that gear rattle noise could exist in
a signal and have a low enough level to be masked by the other diesel engine sounds
led to the design of a detectability subjective test.

4.2.1

Detectability Test Paradigm

A MATLAB program written by students from the Purdue Speech Language and
Hearing Sciences department was modiﬁed for use in the detectability portion of
the subjective test. A three-alternative forced choice (3AFC) paradigm was used in
the design of this test. The two-down one-up (2D1U) paradigm was used to govern
the change in level of the stimulus. If the subject was able to correctly identify
the signal containing the gear rattle signal as the diﬀerent sound two consecutive
times, the level of the rattle was attenuated for the next trial. If the subject selected
one of the two baseline signals (that did not contain gear rattle), the level of the
gear rattle signal was ampliﬁed for the next trial. It was assumed that there exists
an underlying psychometric function that governs an individual’s ability to detect a
stimulus (i.e., gear rattle in presence of background diesel engine noise), the two-down
one-up paradigm tracks the 70.7% correct value. The 70.7% correct value is the level
(with respect to the background noise) at which the individual correctly detected the
signal 70.7% of the time. This up-down procedure is repeated, and the values at
which a change in direction occurred stored. Each run continued until eight reversals
occurred and the individual threshold for the run was calculated by averaging the last
six reversal values. Only the last six reversal values are considered to account for the
familiarization phase that occurs at the beginning of each run.
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4.2.2

Detectability of Gear Rattle in Background Engine Noise

Three sounds were presented to the subject with a 0.5 second pause in between each
sound. All three of the sounds contain identical background noise signals, which is
the diesel engine signal without gear rattle. The gear rattle signal is added to one of
the temporal windows. The selection of which window the gear rattle noise is added
to was based on a uniformly distributed random sequence. This process is illustrated
in Figure 4.1.

Figure 4.1. Illustration of a single trial in the gear rattle detectability test. The
window in which the gear rattle noise simulation is placed is selected based on a
uniform randomly distributed sequence. In this illustration, it is added to the second
signal.

Following the playback of the three sounds (one that contains the gear rattle signal
and two with only the baseline signal), the subject was asked to identify “which sound
was diﬀerent from the other two.” Prior to the start of the test, the subjects were
presented 17, 0.5 second familiarization signals. These signals included 7 sounds with
very low rattle (baseline), 3 with medium rattle (rattle simulation noise added at an
audible level), and 7 with high gear rattle (rattle simulation noise added equal to the
baseline noise level).
The gear rattle thresholds were estimated for three runs containing diﬀerent background (baseline) engine noise. The background noise for Run 1 was the baseline
engine previously described in Chapters 2 and 3 at a level of 75 dB SPL. The back-
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ground noise for Run 2 was the same baseline engine noise at a lower level of 70
dB SPL. The background engine noise for the ﬁnal run designed to determine the
threshold of gear rattle noise (Run 3) was a baseline noise recording from a diﬀerent
engine acquired during a previous research project at a level of 75 dB SPL. This other
engine sound was included to investigate the eﬀect of the character of the background
engine noise on the detection of the rattle.
An example of the tracking data is shown in Figure 4.2. In this example, the
rattle level is initially at a level where the subject was able to identify the signal with
rattle. The rattle noise was attenuated by 10 dB before the subject was unable to
identify the signal with rattle. This occurs at trial number 5. In the remainder of
the example run, the rattle level is then ampliﬁed or attenuated around the subjects
gear rattle threshold.
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Figure 4.2. Tracking data for Run 1 for an example subject. Green squares represent
correct responses and red triangles represent incorrect responses. The dotted black
line represents the estimated threshold.
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4.2.3

Discrimination of Growth and Attenuation of Gear Rattle Noise

The two-down, one-up three-alternative forced-choice (2D1U 3AFC) paradigm was
also used in a test designed to investigate the ability to detect diﬀerences in the level
of gear rattle. Three consecutive sounds were again presented to the subject with a
short pause between each sound. For the discrimination portion of the detectability
tests, two of the sounds contained the baseline diesel engine noise and gear rattle at a
level that was judged to be clearly audible. The other sound contained the ‘stimulus’
rattle sound which was set at a slightly diﬀerent level than the rattle in the other two
sounds. The subjects were again asked to identify the sound that was diﬀerent from
the other two. An illustration of the discrimination trial is shown in Figure 4.3.

Figure 4.3. Illustration of a single trial in the gear rattle detectability test. The
window in which the ‘stimulus’ gear rattle noise simulation is placed is selected based
on a uniform randomly distributed sequence. In this illustration, it is in the third
signal in the sequence.

The discrimination portion of the detectability test was comprised of two runs. In
the ﬁrst run (Run 4), the stimulus gear rattle was at a higher level than the other two
rattle sounds. The initial level of the stimulus rattle was 79 dB, and the level of the
other rattle signals was 75 dB. The level of the other rattle was set to 75 dB because
it was judged to be a level that most people could detect. Run 4 was designed to
investigate a detectable growth in gear rattle noise. The result of this run would be
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a threshold above the other gear rattle level, and thus was designed to investigate a
detectable growth in gear rattle.
Run 5 was similarly designed to investigate the detection of attenuation of gear
rattle noise. The initial level of the stimulus gear rattle noise was 71 dB. These initial
levels of the stimulus were selected so that they would be obviously diﬀerent at the
start of the run. An example of the growth and attenuation discrimination runs are
shown in Figure 4.4. The growth discrimination run (shown in Figure 4.4(a)) is a good
example to highlight features unique to the discrimination test. The subject clearly
perceived the initial stimulus rattle level as audibly diﬀerent. The subject proceeded
to correctly identify the stimulus rattle as the diﬀerent signal ten consecutive times.
At trial number 25, the stimulus rattle level was attenuated to the level of the control
rattle. In this case, there was no diﬀerence in the three signals presented to the
subject.
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Figure 4.4. Tracking data for the gear rattle discrimination for growth (a) and discrimination (b) for an example subject. Green squares represent correct responses
and red triangles represent incorrect responses. The level of the gear rattle in the
other signals (dotted blue line) and the estimated discrimination thresholds (dotted
black line) are also shown.

4.2.4

Detectability Test Results

In total, the subjects each completed ﬁve detectability runs. A summary of the
conditions for each of the detectability runs is given in Table 4.1.

Detection Type
Threshold
Threshold
Threshold
Discrimination: Growth

Discrimination: Attenuation

Run Number

Run 1

Run 2

Run 3

Run 4

Run 5

71

79

70

65

70

Initial ‘Target’ Rattle Level [dB SPL]

Speciﬁc Conditions

‘Control’ Rattle at 75 dB SPL

‘Control’ Rattle at 75 dB SPL

Background: Engine 2 at 75 dB SPL

Background: Engine 1 at 70 dB SPL

Background: Engine 1 at 75 dB SPL

Table 4.1. Description of the runs included in the detectability test.
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The individual thresholds for the subjects for Runs 1-5 are shown in Figures 4.54.9. The thresholds of the diesel engine experts are shown as green squares, and
the thresholds for the more general population are shown as red circles. The error
bars represent plus or minus one standard deviation of the estimate of the individual
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thresholds which are calculated using the last six reversal values of the tracking data.
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Figure 4.5. Estimated gear rattle detection thresholds of (green squares) diesel engine
experts and (red circles) not diesel engine experts relative to the background engine
noise level for Run 1. Background engine noise is Engine 1 at 75 dB SPL. The error
bars represent ± one standard deviation of the responses.
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Figure 4.6. Estimated gear rattle detection thresholds of (green squares) diesel engine
experts and (red circles) not diesel engine experts relative to the background engine
noise level for Run 2. Background engine noise is Engine 1 at 70 dB SPL. The error
bars represent ± one standard deviation of the responses.
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Figure 4.7. Estimated gear rattle detection thresholds of (green squares) diesel engine
experts and (red circles) not diesel engine experts relative to the background engine
noise level for Run 3. Background engine noise is Engine 2 at 75 dB SPL. The error
bars represent ± one standard deviation of the responses.
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Figure 4.8. Estimated gear rattle discrimination thresholds of (green squares) diesel
engine experts and (red circles) not diesel engine experts relative to the control gear
rattle noise level for Run 4. Control gear rattle level is 75 dB SPL. Background engine
noise is Engine 1 at 75 dB SPL. The error bars represent ± one standard deviation
of the responses.
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Figure 4.9. Estimated gear rattle discrimination thresholds of (green squares) diesel
engine experts and (red circles) not diesel engine experts relative to the control gear
rattle noise level for Run 5. Control gear rattle level is 75 dB SPL. Background engine
noise is Engine 1 at 75 dB SPL. The error bars represent ± one standard deviation
of the responses.

The cumulative mean and cumulative standard error are shown for the detectability
thresholds in Figure 4.10. The cumulative plots show how the addition of each subject
aﬀects the overall mean and standard error. The mean of the entire subject population
remains relatively constant after approximately the ﬁfteenth subject. The standard
error is a measure of the standard deviation of the estimated thresholds divided by the
square root of the number of subjects. This is, in eﬀect, a view of how each subject
improves the conﬁdence intervals of the estimated means. the standard error for Run
4 approaches a constant value after approximately twenty subjects. This means that
the last twelve subjects included in the data do not improve the conﬁdence of the
estimate of the mean for that particular run. The other four runs appear to approach
a constant value when all forty subjects are included. This indicates a suﬃcient
number of subjects were included in the detectability test.
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Figure 4.10. Cumulative (a) means and (b) standard error for the detectability thresholds for the ﬁve detectability runs.

The estimated thresholds for the ﬁve runs for the diesel expert and the more general
population are given in Table 4.2 and Table 4.3, respectively. Also given in the tables
are the changes in the overall A-weighted SPL of the signals when gear rattle at
threshold levels are added to the baseline signal.

76.63 ± 0.08

72.11 ± 0.37

78.1

5

79.50 ± 0.12

77.75 ± 0.25

78.1

4

75.12 ± 0.07

64.05 ± 0.94

74.8

3

70.48 ± 0.08

59.26 ± 0.92

70.1

2

75.48 ± 0.05

64.16 ± 0.62

75.1

[dB(A)]

[dB(A)]

[dB(A)]

1

Run Number

Overall Signal Levels

Threshold Values

Background Noise

1.47 ± 0.13

1.40 ± 0.17

0.32 ± 0.07

0.38 ± 0.08

0.38 ± 0.04

[dB(A)]

Due to Gear Rattle

Change in Overall Level

Table 4.2. Results of the detectability tests for the diesel engine subjects.
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76.27 ± 0.08

70.97 ± 0.28

78.1

5

79.61 ± 0.12

77.90 ± 0.17

78.1

4

75.22 ± 0.06

65.24 ± 0.68

74.8

3

70.73 ± 0.07

61.74 ± 0.55

70.1

2

75.62 ± 0.07

65.79 ± 0.63

75.1

[dB(A)]

[dB(A)]

[dB(A)]

1

Run Number

Overall Signal Levels

Threshold Values

Background Noise

1.83 ± 0.08

1.51 ± 0.12

0.42 ± 0.06

0.63 ± 0.07

0.52 ± 0.07

[dB(A)]

Due to Gear Rattle

Change in Overall Level

Table 4.3. Results of the detectability tests for the non-diesel experienced engine subjects.

67

68

Gear Rattle Level Relative to the Baseline Noise [dB]

−6

−7

−8

−9

−10

−11

−12
Run 1

Run 2

Run 3

Figure 4.11. Estimated gear rattle thresholds for Runs 1-3 for (green) diesel engine
experienced subjects, (red) non-diesel engine experienced subjects, and (yellow) all
subjects relative to the background engine noise levels. The error bars represent ±
one standard error.

The results of the threshold tests are shown in Figure 4.11. The threshold values
are given relative to the baseline engine noise level. For example, negative values
indicate gear rattle noise levels that are lower than the baseline engine signal. For
each of the three runs, it appears that, generally, gear rattle noise is detectable at
a level 10 dB below the background engine noise level. The levels of the combined
signals (baseline and rattle) are approximately 0.5 dB above that of the baseline signal
for the diesel engine experts and 0.7 dB for the rest of the subject pool. The subjects
may be responding to loudness changes rather than the presence of rattle when asked
to determine which signal was diﬀerent. However, for these complex sounds, it is
unlikely that the diesel engine experts can detect 0.5 dB diﬀerences in level. It is
interesting to note that the diﬀerence in average thresholds between the diesel engine
experts and a more general population appear to be statistically signiﬁcant. The
experts are generally ‘better’ at detecting gear rattle noise. This is an important
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note because the experts are indicative of the population (e.g., engine operators and

Gear Rattle Level Relative to Control Rattle Level [dB]

customers) that would be most likely to complain about gear rattle noise.

3
2
1
0
−1
−2
−3
−4
Run 4

Run 5

Figure 4.12. Estimated level of discrimination thresholds for Runs 4 and 5 for (green)
diesel engine experienced subjects, (red) non-diesel engine experienced subjects, and
(yellow) all subjects relative to the level of the control gear rattle. The error bars
represent ± one standard error.

The results of the discrimination tests are shown in Figure 4.12. Run 4 was
designed to investigate the required level of the stimulus rattle to be identiﬁed as
diﬀerent from signals containing a constant level ‘control’ rattle when the stimulus
rattle was initially noticeably higher level to start. The results of Run 4 and 5 are
presented as relative levels of the stimulus to the ‘control’ rattle level. For Run 4,
there does not appear to be a diﬀerence between the diesel engine experts and the
more general population. The signal level diﬀerences at these levels of rattle are
approximately 1.5 dB. For both populations, approximately a three decibel increase
in rattle level was needed for the subjects to notice a diﬀerence in the signals.
However, there does appear to be a diﬀerence in the attenuation thresholds for the
diesel engine experts and the more general population. Diesel engine experts could
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not tell the diﬀerence between the control rattle and stimulus rattle when the stimulus
rattle was three decibels less than the control rattle. The attenuation threshold for the
more general population was approximately four decibels. The signal level diﬀerences
at these levels of rattle are approximately 1.5 dB for the diesel engine experts and 2
dB for the more general population. These results indicate that, in general, a three
decibel change in the level of gear rattle noise is needed for the change to be detected.
However, it is more likely in these cases that the subjects are responding to increases
in loudness. To determine if subjects were responding to loudness changes or to the
presence of rattle, another discrimination test should be conducted where only the
signal level is changed.

4.3

Paired Comparison Annoyance Test

The annoyance in response to exposure to the various levels of gear rattle is an important factor in the determination of acceptable gear rattle noise. A pairwise comparison
test was designed to aid in the estimation of the relative annoyance of the gear rattle and baseline sounds. Eight signals in total (to be discussed in the next section)
were included. Each signal was compared with every other signal in regards to the
question: “which sound was more annoying?” The sounds were each four seconds in
length with a 0.5 second pause between sounds. The test was a two alternative forced
choice; subjects were not given an option to pass on making a selection regarding
which sound was more annoying for any pair of sounds. Each signal was compared
with every other signal two separate times (once for both possible presentation orders). This procedure and the randomization of the presentation order of the pairs
was done in order to reduce (in the analysis) any bias due to the presentation order
of the sounds.
For each subject, a matrix of ones and zeros may be constructed where a one
indicates the sound in column j was selected as more annoying than the sound in
row i. These matrices are summed across the total number of subjects to generate a
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matrix that contains that total number of times the sound in column j was chosen as
more annoying than the sound in row i. This number is denoted as aij . The matrix
can be divided by the total number of subjects to generate a matrix of the estimated
probabilities that sound j would be selected as more annoying than sound i shown as
⎡

a12
nij

...
0.5
⎢
⎢ a21
⎢n
0.5 . . .
ij
[p̂ij ] = ⎢
⎢ ..
.. . .
.
⎢ .
.
⎣
aN 1
... ...
nij

⎤

a1N
nij ⎥
a2N ⎥
⎥
nij ⎥

.. ⎥
. ⎥
⎦
0.5

(4.1)

where nij is the total number of subjects that made a selection for the given pair
and N is the total number of sounds included in the paired comparison test. The
probability of the same sound being selected as more annoying than itself, or p̂ii , is
assumed to be 0.5 (subjects were not asked to make this choice). In the analysis,
the average of p̂ij and 1 − p̂ji (p̄ji ) and p̂ij and p̂ji are replaced by p̄ij and 1 − p̄ij ,
respectively. This further reduces order bias.

4.3.1

Annoyance Test Signals

Eight signals were included in the paired comparison test. The 0.002, 0.006, and 0.010
inch backlash measurements were included to have sounds with noticeably diﬀerent
levels of gear rattle noise in the test. The baseline measurement was included as
the ‘no’ gear rattle case. It should be noted that the tone in the baseline noise
recording previously discussed in Chapter 2 was kept in the signal used in the paired
comparison test. The 0.010 inch backlash simulation described in the previous chapter
was included in the test to investigate the relative annoyance between the simulation
and the measurement.
As noted in Chapter 2, the gear rattle measurements are generally louder than
the baseline measurement. It is understood that an increase in loudness generally
correlates well with an increase in annoyance. To control for this known correlation,
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baseline signals were generated with Loudness characteristics very similar to those of
the gear rattle signals. These ampliﬁed three baseline signals with Loudness exceeded
ﬁve percent of the time (N5 ) equal to the 0.002, 0.006, and 0.010 inch backlash
measurements were included in the paired comparison test.

4.3.2

Bradley-Terry-Luce Model

The Bradley-Terry-Luce (BTL) Model is well established for use in analyzing paired
comparison test data [39]. The likelihood of the selection of one treatment, or sound
in this experiment, over another in response to a question is based on the distribution
of an inherent quality, πi , to which the question refers. The question asked of the
subjects was “which sound is more annoying?” Therefore, the parameter investigated
in the paired comparison test is a sound’s inherent annoyance. A computer program
written by previous student Aaron Hastings was used to estimate the πi values for
the signals. For the purposes of building a model based on annoyance values, the πi
values can be transformed to a linear annoyance scale by using
δi = ln πi , i.e., πi = expδi

(4.2)

where δi is the linear annoyance value. The error of the BTL annoyance values were
determined using the procedure discussed by Bradley in [40]. It should be noted that
because the annoyance results of the paired comparison test are relative to the signals
included in the test, a sound should be chosen as a reference (e.g., π1 = 1, δ1 = 0).
For this research, the baseline measurement was chosen as the reference signal.

4.3.3

Annoyance Test Results

The results of the paired comparison are shown in Figure 4.13. The πi values have
been scaled so that the annoyance of the baseline measurement was equal to one. The
various backlash measurements are denoted in the ﬁgures as BL in the ﬁgures. The
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baseline signals ampliﬁed to have the same loudness as the various backlash measurements are denoted as Base [backlash setting] EL. The signal names and descriptions
are given in Table 4.4.
Table 4.4. Description of the signals used in the paired comparison test.
Signal Name

Description

Baseline

Baseline (scissors gear) measurement. The tonal component mention

.002 BL

in Chapter 2 is preserved in this signal.
0.002 inch backlash measurement.

Base .002 EL

Baseline signal ampliﬁed to have equal loudness as the 0.002 inch
backlash measurement. It should be noted that due to an error in the
signal generation, this signal has a slightly lower loudness than the

.006 BL

0.002 backlash measurement.
0.006 inch backlash measurement.

Base .006 EL

Baseline signal ampliﬁed to have equal loudness as the 0.006 inch

.010 BL

backlash measurement.
0.010 inch backlash measurement.

Base .010 EL

Baseline signal ampliﬁed to have equal loudness as the 0.010 inch

0.010 BL Sim

backlash measurement.
Simulated 0.010 backlash measurement (described in Chapter 3).

Annoyance Values, [π̂ i ]
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(a)
15

10

5

Annoyance Values, [ δ̂ i ]

0

Baseline

.002 BL

Base .002 EL

.006 BL

Base .006 EL

.010 BL

Base .010 EL .010 BL Sim

.010 BL

Base .010 EL .010 BL Sim

(b)
2.5
2
1.5
1
0.5
0
−0.5
Baseline

.002 BL

Base .002 EL

.006 BL

Base .006 EL

Figure 4.13. The (a) π̂i and (b) δ̂i values for the sounds used in the paired comparison
test for (green) the diesel engine experts, (red) not diesel engine experts, and (yellow)
the entire population. The error bars shown are ± one standard error. See Table 4.4
for a description of the signals.

Investigating the π̂i values for the signals is useful to determine the relative annoyance
of the sounds. It can be seen that, in general, there appears to be three groups of
annoyance ratings related to the baseline and 0.002 inch backlash, 0.006 inch backlash,
and 0.010 backlash. The baseline, 0.002 BL, and the Base 002 EL received similar
annoyance ratings. The .006 BL and Base .006 EL also received similar annoyance
ratings. However, there are diﬀerences in the annoyance ratings for the 0.010 backlash
signals. The diesel engine experts ﬁnd the 0.010 backlash measurement (high gear
rattle) to be more approximately 1.5 times more annoying than the baseline signal
at the same loudness and 9 times more annoying than the original baseline sound.
The more general population found the high rattle measurement to be 5.9 times more
annoying than the original baseline signal.
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The presence of the three groupings, especially in the case for the more general
population, indicate that the subjects responded to changes in Loudness when making
the selection of which signal was more annoying. Unfortunately, the presence of the
tone in the baseline signal complicates the interpretation of the annoyance results. It
is possible that the subjects responded to the annoyance of the tonal component as
well as the annoyance of the gear rattle noise. The diﬀerences in annoyance ratings
from the two subject populations at high levels of rattle is evidence that the diesel
engine experts ﬁnd rattle more annoying than the more general population at higher
levels of rattle.

4.4

Summary of Subjective Test

In this chapter, the design, implementation, and results of the subjective test were
described. Forty subjects including diesel engine experts and not diesel engine experts
were tested to identify detectable levels and noticeable growth of gear rattle in diesel
engine sounds. Annoyance due to the presence of gear rattle in diesel engine sounds
was also investigated. It was found that gear rattle is detectable at levels that are ten
decibels below the background baseline diesel engine noise. Changes in gear rattle
levels of three decibels were needed to detect diﬀerences in the gear rattle noise.
Annoyance ratings increased with an increase in loudness and rattle. Diesel engine
experts were better at detecting gear rattle noise and found sounds with high levels
of gear rattle more annoying than a more general population.
These annoyance ratings were then used in the development of a metric to assess
the annoyance of gear rattle in diesel engine sounds. This process is described in
Chapter 5.
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5. GEAR RATTLE METRIC SPECIFICATION
In the work described in this chapter, the connection between the annoyance ratings and the objective measurements was investigated to support the development
of a model to predict the annoyance of the noise of a diesel engine with gear rattle.
Metrics discussed in Chapter 2 were calculated for the signals included in the paired
comparison test. The correlation of those metrics to the annoyance values for the
diesel engine experts and the entire subject population were determined. The correlation between the metrics and the inﬂuence of the growth of rattle on noise metrics
was also examined.

5.1

Annoyance Test Signal Metrics

In the subjective test, the levels of the sounds presented to the subjects were attenuated for safe playback. The sounds were attenuated by a constant factor: i.e., the
diﬀerence in the overall levels of the signals were maintained. The original baseline
signal recording was 85.1 dB(A) and the baseline signal played in the test was 72.1
dB(A). Noise metrics for the attenuated signals used in the paired comparison test
are given in Table 5.1. These metrics were calculated from the time histories of the
signals before the outer-ear ﬁlter had been applied. A measure of the variability of
the noise metrics is given in the table and was determined by segmenting the signal
into ﬁfteen three-second segment and calculating the metric values for each segment.
The maximum standard deviation of the eight signals for each of the metric values is
given under the metric label to oﬀer insight into signiﬁcant diﬀerences.

0
-0.11
0.94
2.20
2.51
-0.05
0.94
1.77

0.002

0.006

0.010

0.010 Simulation

Baseline (0.002 EL)

Baseline (0.006 EL)

Baseline (0.010 EL)

32.3

29.1

25.6

32.1

32.1

29.6

26.3

26.3

(±0.3)

(±0.3)

Baseline (Scissors Gear)

Gear Backlash [inches]

N5 , sones

BT L

4.0

3.7

3.5

4.0

4.5

4.2

3.6

3.5

(±0.15)

R5 , asper

1.50

1.50

1.50

1.47

1.46

1.46

1.50

1.50

(±0.008)

S5 , acum

0.12

0.12

0.12

0.09

0.07

0.07

0.07

0.12

(±0.02)

K5 , TU

3.24

3.24

3.24

4.94

3.84

4.01

3.57

3.24

(±0.24)

KRT

0.52

0.52

0.52

0.54

0.64

0.54

0.43

0.52

(±0.03)

M IM

0.90

0.90

0.90

1.16

1.13

0.93

0.74

0.90

(±0.09)

M IM ∗

Table 5.1. Noise metrics for signals used in the paired comparison test. BT L(δ̂i ) is the annoyance estimate for the sounds
derived from the responses of the diesel engine experts. N5 , R5 , S5 , and K5 are, respectively, Loudness, Roughness, Sharpness,
and Tonality exceeded 5% of the time. KRT is the Kurtosis value of the signal. M IM and M IM ∗ are the modulation index
metric and the modulation index metric normalized to the modulation at the ﬁring frequency, respectively. See Table 4.4
for a description of the signals.
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Because three of the signals were ampliﬁed versions of the baseline measurement,
metrics that are not dependent on the intensity of the signals do not change. While
the Loudness and Roughness values vary as the signal is ampliﬁed, the Kurtosis,
Sharpness, Tonality, and Modulation metric values are the same for the baseline and
all ampliﬁed baseline signals.
This is illustrated using the modulation metrics as examples. The average normalized modulation index for the signals used in the paired comparison test are shown
in Figure 5.1. It can be seen that the index values for the baseline and ampliﬁed
baseline signals (dashed lines in the plot) all lie on top of one another illustrating
that the intensity of the signal has no eﬀect on the proposed modulation index.
0.26

Baseline
0.002
Baseline (0.002 EL)
0.006
Baseline (0.006 EL)
0.010
Baseline (0.010 EL)
0.010 Simulation

Average Normalized Modulation Index

0.24
0.22
0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
10

20

30

40
50
60
Modulation Frequency [Hz]

70

80

90

Figure 5.1. The average normalized modulation index for the signals used in the
paired comparison test.

The overall trends in the metrics for the baseline and gear rattle measurements are
consistent with what was shown in Chapter 2.
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5.2

Annoyance Model Development

The development of an annoyance model was based on well known regression analysis
techniques [41]. In this section both single metric and multiple metric annoyance
models are discussed. It was decided that a possible annoyance model should be
focused on the diesel engine expert subset population. The majority of complaints
regarding gear rattle noise are made by diesel engine operators who tend to be experienced around diesel engines. It follows that they know how the engine should
sound, and are sensitive to deviations from this baseline sound. The diesel engine
operators are, therefore, considered to be diesel engine experts and are represented
by the diesel engine subset in this study.

5.2.1

Single Metric Models

The expert group annoyance ratings are plotted against the noise metrics discussed
in Chapter 2 in Figures 5.2 to 5.9. The average values of the segment noise metric
values were calculated and are denoted by the horizontal location of the dots in the
plots. The horizontal error bars represent ± one standard deviation of the segment
metric values. In the plots, the baseline and ampliﬁed baseline signals are shown as
blue dots, the backlash measurements are shown as orange dots, and the 0.010 inch
backlash simulation is shown as a purple dot.
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Figure 5.2. The (a) non-expert group (Radj
= 0.937) and expert group (Radj
=
0.930) (b) annoyance scores plotted against Loudness (N5 ) showing a strong linear
relationship for both groups. For the 0.010 backlash measured and simulated cases,
the variations about the trend line are greater for the (b) expert group than the (a)
non-expert group.
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.010 Sim
2.5

Annoyance [ δ̂ i ]

2
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1.5
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.006 BL
0.5

Base .002 EL
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4.2
Roughness [asper]

4.4

Figure 5.3. Expert group annoyance scores plotted against Roughness (R5 ) showing
seemingly two separate linear trends: with the (dotted blue line) baseline, ampliﬁed
2
baseline, and gear rattle simulation (Radj
= 0.976) and with the (dotted orange line)
2
backlash measurements (Radj = 0.867).
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Figure 5.4. Expert group annoyance scores plotted against Tonality (K5 ) showing the
2
lack of a linear relationship between the two (Radj
= 0.000).
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Figure 5.5. Expert group annoyance scores plotted against Sharpness (S5 ) showing
2
= 0.292).
the lack of a linear relationship between the two (Radj
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Figure 5.6. Expert group annoyance scores plotted against Kurtosis showing the lack
2
of a linear relationship between the two (Radj
= 0.306).
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Figure 5.7. Expert group annoyance scores plotted against Kurtosis of the A-weighted
2
= 0.332).
signals showing the lack of a linear relationship between the two (Radj
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Figure 5.8. Expert group annoyance scores plotted against the Modulation Index
2
Metric (M IM ) showing the lack of a linear relationship between the two (Radj
=
0.329). However, the backlash measurements lie on the trend line.
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.010 Sim
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Figure 5.9. Expert group annoyance scores plotted against the Normalized Modulation Index Metric (M IM ∗ ) showing a weak linear relationship between the two
2
(Radj
= 0.647). It should be noted that the backlash measurements and the simulation lie on the trend line, and if the baseline and ampliﬁed baseline signals were
removed, the (M IM ∗ ) would be strongly correlated to the expert group annoyance
scores.

There is a strong linear relationship between the Loudness (N5 ) and the annoyance
scores for the expert and the non-expert groups. For the expert group, the variations
about this trend line are larger than for the non-expert group, particularly for the
0.010 inch backlash measured and simulated cases. Tonality is higher for the four
baseline signals because of the presence of a tone a approximately 900 Hz. This may
have resulted in slightly higher annoyance ratings for these sounds than would have
been the case if the baseline signal had not included a strong tonal component. This,
perhaps, led to an attenuation of the diﬀerences in annoyance ratings between the
measured backlash and corresponding ampliﬁed annoyance signals. The 0.11 diﬀerence in annoyance between the 0.002 inch backlash measurement and the baseline
measurement could be caused by this (the gear rattle is not perceptible in the 0.002
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backlash measurement). This could mean that without the tone, the ampliﬁed baseline sounds would have received an annoyance rating at least 0.11 lower than what
is shown in the plots. This would make the diﬀerences between the signals with
increased gear rattle and the ampliﬁed baseline signals greater.
Roughness increases with Loudness, so the trend of an increase in annoyance with
increases in Roughness for the ampliﬁed signals may be misleading. The trend line
in Figure 5.3 for the backlash measurements (orange dots) is diﬀerent from that for
the ampliﬁed baseline signals. The Roughness increases with increased gear rattle
are greater than would be expected from only an increase in Loudness. However, the
simulated 0.010 inch backlash case appears to be along the trend line of the ampliﬁed
baseline signals. This is an example of a signal that sounds like it contains a high
level of gear rattle but does not conform to measured signal metric trends.
A-weighting the signal before calculating Kurtosis did not improve the correlation
between the metric and annoyance rating. Here, the 0.010 inch backlash simulation
has a much higher Kurtosis than the corresponding measurement. The expert group
rated this sound as more annoying than the 0.010 inch backlash measurement which
was found more annoying than the 0.010 inch ampliﬁed baseline noise. It is possible
that the impulsiveness (which aﬀects the Kurtosis values) of the signal factored into
the subject’s judgements of these higher level and high rattle sounds.
By comparing the Modulation Index Metric (M IM ) plot, shown in Figure 5.8,
to the Normalized Modulation Index Metric (M IM ∗ ) plot, shown in Figure 5.9, it
can be seen that the normalization moves the simulated 0.010 inch backlash signal’s
position so it lies along the same trend line as the measurements. The M IM ∗ values
do not change with increases in Loudness, so the ampliﬁed baseline signals all have
the same M IM ∗ value of 0.9.
In summary, Loudness exceeded 5% of the time can be used to predict the main
changes in annoyance. The tonalness due to the tone in the baseline signal and not
present in the backlash measurements may have resulted in an elevation in the annoyance scores for the ampliﬁed baseline sounds. Roughness increases with increased
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backlash settings, but the value for the simulated sound is inconsistent with trends
seen with the measurements. Roughness does not appear to be measuring the main
characteristic of gear rattle that the expert group used to assess the annoyance of the
sounds. The modulation index appears to be the most useful metric for assessing the
annoyance due to gear rattle in diesel engines.
The Loudness only model to predict annoyance due to gear rattle noise in diesel
engines is

y1 = β̂01 + β̂11 N5 ,

(5.1)

where β̂01 = −9.40 with a 95% CI of (-11.66, -7.14) and β̂11 = 0.357 with a 95% CI of
(0.277, 0.437). The M IM ∗ only model to predict annoyance due to gear rattle noise
in diesel engines is
y2 = β̂02 + β̂12 M IM ∗ ,

(5.2)

where β̂02 = −5.01 with a 95% CI of (-8.45, -1.57) and β̂12 = 6.39 with a 95% CI of
(2.78, 10.00).

5.2.2

Two-Metric Models

Although Loudness is strongly correlated to the annoyance ratings, care should be
taken in attempting to predict the annoyance due to gear rattle noise in diesel engines
using only this metric. Though the subjects responded negatively to increases in
Loudness, it is intuitively not an adequate metric to predict the annoyance of the gear
rattle sounds. If a model to predict annoyance was developed using only Loudness,
the annoyance caused by other components of the engine that also increase Loudness
may incorrectly be attributed to the gear rattle noise. Thus, metrics that are not
dependent on the intensity of a sound but are sensitive to changes in gear rattle
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noise, such as the M IM ∗ metric, were also considered for the development of a two
metric annoyance model.
In the development of a multiple regressor, gear rattle annoyance model, the inclusion of multiple highly correlated metrics should be avoided because of the condition
of the estimation matrix. High correlation between metrics result in a high condition
number which leads to high variance parameter estimates. The sample correlation
coeﬃcient ρ, for the noise metrics considered in the development of an annoyance
model are shown in Table 5.2.
Table 5.2. Sample correlation coeﬃcient, ρ, for noise metrics considered in annoyance
model development.
N5

R5

K5

S5

KRT

KRT (A)

M IM

M IM ∗

N5

1

0.845

-0.225

-0.581

0.514

0.529

0.598

0.702

R5

-

1

-0.582

-0.874

0.536

0.573

0.766

0.705

K5

-

-

1

0.722

-0.570

-0.611

-0.154

-0.197

S5

-

-

-

1

-0.733

-0.759

-0.684

-0.720

KRT

-

-

-

-

1

0.997

0.260

0.694

KRT (A)

-

-

-

-

-

1

0.300

0.713

M IM

-

-

-

-

-

-

1

0.820

M IM ∗

-

-

-

-

-

-

-

1

It is important to note that due to the small number of signals used in the paired
comparison test, determining the number of regressors required to build an empirical
model of annoyance is challenging. With a small number of observations, two metrics
that show similar trends will appear to be correlated even though they would not be if
a larger set of sounds had been used in the test. For example, in Table 5.2, it appears
as if the modulation metric M IM ∗ is correlated to the Loudness metric. However, it
was previously shown in Figure 5.1 that this metric based on ﬂuctuations in sound
energy is not dependent on the intensity of the sound (i.e., the ampliﬁed baseline
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signals all have the same M IM ∗ values), and thus it does not follow that these two
metrics should be correlated if a larger set of sounds was used. For this reason, the
modulation metrics and loudness were still both considered for the development of
the gear rattle annoyance model. The adjusted R2 values for models generated using
all possible combinations of two metrics are given in Table 5.3 with the annoyance
ratings that were derived from the non-diesel expert responses. The corresponding
results for the diesel engine expert subset are given in Table 5.4.
2
Table 5.3. Radj
values for simple regression (diagonal) and multiple regression (oﬀdiagonal) annoyance models for the entire subject population. The row indicates the
ﬁrst metric and the column indicates the second metrics. The diagonal elements are
for the single metric models.

N5

R5

K5

S5

KRT

KRT (A)

M IM

M IM ∗

N5

0.957

0.949

0.957

0.948

0.950

0.950

0.963

0.981

R5

-

0.607

0.762

0.632

0.550

0.544

0.536

0.668

K5

-

-

0.000

0.293

0.063

0.113

0.230

0.492

S5

-

-

-

0.225

0.109

0.112

0.266

0.492

KRT

-

-

-

-

0.172

0.060

0.427

0.493

KRT (A)

-

-

-

-

-

0.190

0.419

0.493

M IM

-

-

-

-

-

-

0.356

0.493

M IM ∗

-

-

-

-

-

-

-

0.577
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2
values for simple regression (diagonal) and multiple regression (oﬀTable 5.4. Radj
diagonal) annoyance models for the diesel engine expert group. The row indicates
the ﬁrst metric and the column indicates the second metrics. The diagonal elements
are for the single metric models.

N5

R5

K5

S5

KRT

KRT (A)

M IM

M IM ∗

N5

0.930

0.916

0.917

0.925

0.953

0.955

0.927

0.982

R5

-

0.622

0.674

0.596

0.622

0.616

0.548

0.728

K5

-

-

0.000

0.292

0.202

0.260

0.220

0.583

S5

-

-

-

0.292

0.245

0.255

0.281

0.578

KRT

-

-

-

-

0.306

0.246

0.522

0.586

KRT (A)

-

-

-

-

-

0.332

0.518

0.586

M IM

-

-

-

-

-

-

0.329

0.580

M IM ∗

-

-

-

-

-

-

-

0.647

Due to the small number of signals included in the paired comparison test, the certainty of the improvement of the annoyance model due to the addition of a second
regressor is in question. Including too many regressors to a model designed to ﬁt
a limited set of observations might artiﬁcially improve the ﬁt of the model. With
this in mind, although we wish to avoid a model that is developed based solely on
the Loudness metric, the increase in Loudness due to the increase in gear rattle, and
the subsequent increase of annoyance due to this increase of Loudness, cannot be
discounted. It is therefore tempting to include a metric that is not correlated to
the intensity of sound in order to capture the annoyance due to the known temporal characteristics of gear rattle noise. It can be seen in Tables 5.3 and 5.4 that in
both subject populations the inclusion of the M IM ∗ metric improves upon using only
Loudness as an explanation of the annoyance ratings. For the diesel engine expert
subset population, the model that best predicts the annoyance, y, due to diesel engine
noise with gear rattle is
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y = βˆ0 + β̂1 N5 + β̂2 M IM ∗ ,

(5.3)

where βˆ0 = −9.30 with a 95% CI of (−10.45, −8.15), βˆ1 = 0.278 with a 95% CI
of (0.223, 0.333), and βˆ2 = 2.33 with a 95% CI of (1.18, 3.47). The expert group
annoyance ratings are plotted against the predicted annoyance of the signals included
in the paired comparison test in Figure 5.10.
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Figure 5.10. The expert annoyance ratings plotted against the predicted annoyance
ratings for the signals used in the paired comparison test by using the (blue stars)
Loudness only model, (red squares) M IM ∗ only model, and (green circles) the combined Loudness and M IM ∗ .

It can be seen that the inclusion of the M IM ∗ metric to the annoyance model results
in a better prediction than the Loudness only model at the higher gear rattle levels
for this set of data.
It should be noted that not all gear rattle measurements were included in the
subjective test. This provides an opportunity to test the model using this data.
The annoyance rating for the four signals not used in the subjective testing (0.004,
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0.008, 0.012, and 0.014 inch backlash cases attenuated consistently to match the
levels of the other signals played in the subjective test) were predicted along with the
measurements included in the subjective test using the models given in Equations
(5.1), (5.2), and (5.3). The results are shown in Figure 5.11.
3

Predicted Annoyance

2.5
2
1.5
1
0.5
0
−0.5

Baseline

0.002

0.004

0.006
0.008
0.010
Backlash Setting [inches]

0.012

0.014

Figure 5.11. The predicted annoyance of all of the gear rattle signals using the (blue
stars) Loudness only model, (red squares) M IM ∗ only model, and (green circles)
the combined Loudness and M IM ∗ models. The solid black diamonds represent the
actual annoyance ratings for the Baseline, 0.002, 0.006, and 0.010 inch measurements.

It can be seen that If the annoyance prediction were made using only Loudness, the
0.002 inch backlash noise would be assessed as being more annoying than the baseline
noise. However, this was not found to be true based on the results of the paired comparison test. The inclusion of the M IM ∗ metric to the model decreases the annoyance
value of the 0.002 backlash measurement relative to the baseline measurement to an
annoyance level that is consistent with the annoyance test results. In addition, the
0.008 inch backlash measurement, which is quieter than the 0.006 inch measurement
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but exhibits a rattle characteristic, has a higher annoyance rating than the 0.006 inch
measurement when the M IM ∗ metric is included in the model. In general, the annoyance predictions of the two-metric model are higher than the Loudness only model
for the higher backlash measurements. To verify this model, further annoyance tests
that include a wide range of gear rattle sounds should be conducted.

5.3

Inﬂuence of Increase of Simulated Rattle on Noise Metrics

The noise metrics of the signals with the simulated gear rattle (i.e., the signals used in
the detection tests) were also investigated. The levels of the simulated gear rattle were
investigated at the estimated gear rattle threshold values in order to identify certain
noise metrics that might be sensitive enough to provide insight into the detectability
of the gear rattle signal. The values of noise metrics discussed earlier in this chapter
are shown for the baseline engine with various levels of simulated gear rattle noise in
Table 5.5.

N5
32.4
33.3
34.1
35.6
38.1
41.9

Signal

Baseline (Scissors Gear)

Ratlle Level -10 dB

Ratlle Level -7 dB

Ratlle Level -4 dB

Ratlle Level -1 dB

Ratlle Level +2 dB

5.36

4.72

4.35

4.18

4.11

4.09

R5

1.44

1.46

1.48

1.49

1.50

1.52

K5

0.10

0.09

0.08

0.09

0.09

0.09

S5

8.88

6.24

4.56

3.79

3.52

3.40

KRT

0.51

0.47

0.46

0.46

0.47

0.49

M IM

0.95

0.99

0.97

0.90

0.85

0.80

M IM ∗

4.55

3.59

2.85

2.27

1.93

1.57

Annoyance Model

Two-Metric

Table 5.5. Previously examined noise metrics for signals with increasing simulated gear rattle noise. The level of the gear
rattle is given as the level relative to the baseline engine noise level. The baseline level was 75.1 dB(A).
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The Loudness and Roughness values increase with an increase in simulated gear rattle,
as expected. The M IM ∗ metric increases with an increase in simulated rattle with
the exception of the highest rattle level case. This metric does not exceed unity in
these cases as we would expect for cases with severe gear rattle noise. However, in
the simulation, the ampliﬁcation of the rattle level has no eﬀect on the modulation
at the ﬁring frequency. This ﬁring frequency modulation is observed to decrease in
the measured gear rattle data as gear rattle levels increase. This could be a possible
reason why the M IM ∗ does not exceed unity and ways to simulate the rattle so
that modulation at the ﬁring frequency decreases as modulation at twice the ﬁring
rate increases should be investigated. Finally, the Kurtosis metric shows the greatest
increase with increasing simulated rattle levels. It should be noted that this large
increase was not observed in the measured data, and this might be an artifact of the
simulation method.
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5.4

Summary of Metric Speciﬁcation

An investigation into the relationship between objective metrics and the annoyance
ratings derived from the results of the paired comparison tests where gear rattle and
non-gear rattle sounds were compared was described in this chapter. The correlation of the metrics to the annoyance values derived from the non-diesel engine expert
population response and those from the diesel engine expert’s responses were both
discussed. Models were developed using all possible combinations of two metrics, and
it was found that Loudness was the single metric that best explained the annoyance
ratings of the subjects in both sample populations. However, because Loudness can
increase due to other noise generating components in the engine, there was concern
about developing a model based solely on this metric. This inclusion of the modulation metric, M IM ∗ , along with Loudness, provided the best explanation of the
annoyance ratings in both subject populations. There are some diﬀerences in metric trends for simulated sound and those for measured sounds. These need to be
investigated further.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The goal of this research project was to develop sound quality metrics for use in
assessing gear rattle noise in diesel engines. Gear rattle noise is a speciﬁc engine
component noise that can negatively impact perceived engine sound quality and can
lead to customer complaints. With an understanding of the human perception of gear
rattle noise, a sound quality metric could be developed to quantify the acceptability
of such noise.

6.1

Research Summary

A variety of noise metrics were applied to a dataset that included recordings with
increasing levels of gear rattle noise; that work was reported in Chapter 2. Metrics
related to intensity, sound quality, and modulation were calculated. It was found
that the overall level of the noise and the Loudness metric (DIN 45631/A1) both
increase with an increase in gear rattle. Metrics related to temporal variations of
sound energy also change with respect to gear rattle levels. The psychoacoustic metric
Roughness that is based on human perception of fast loudness ﬂuctuations was also
found to increase with increasing levels of gear rattle. Other possible metrics related
to temporal variations in energy related to the operating speed of the engine were
also investigated. In particular, a new metric, the average normalized modulation
index (the ratio of modulation that occurs at twice the ﬁring rate to the modulation
that occurs at the ﬁring rate) was investigated as a possible metric to assess gear
rattle noise. That metric, denoted as M IM ∗ , has a value less than one when sounds
contain low levels of gear rattle while for sounds with high levels of rattle, M IM ∗
is usually greater than one. The M IM ∗ metric is based on the idea that rattle is
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occurring when ﬂuctuations at twice the ﬁring rate are more severe, or deeper, than
those occurring at the ﬁring rate of the engine.
By using the understanding gained in the explorations described in Chapter 2, a
method to simulate gear rattle noise was developed; that method was described in
Chapter 3. The method was initially developed to investigate the inﬂuence that the
various parameters that control gear rattle levels had on the overall sound produced
by the engine. The method was developed using the diﬀerences in rattle-free and high
rattle measurements as a guide. First, the simulated gear rattle impacts were synchronized to the baseline engine noise recording. Then, the temporal characteristics
of the impact events were set. The spectral content of the impact events was then
set using a specially designed gear rattle ﬁlter to make the series of digital impulses
sound like gear rattle impacts. Finally, the temporal and spectral parameters used
to generate the simulation were tuned so that the simulation sounded like realistic
gear rattle. These simulations were used both to investigate the inﬂuence of these
parameters on the rattle sound and for use in developing stimuli for the subjective
tests. The simulation method described oﬀers a way to generate realistic sounding
gear rattle noise that can be ampliﬁed or attenuated to create signals with high or
low levels of gear rattle.
In Chapter 4, subjective tests designed to investigate both the thresholds for
detection and the perception of growth and attenuation of gear rattle sounds were
described. Increases in annoyance due to the presence of and increasing levels of gear
rattle noise were also investigated in the subjective test using the paired comparison
method. In total, forty subjects were tested. These subjects were categorized as
diesel engine experts and not diesel engine experts, and the diﬀerences in responses
between the two population subsets were investigated. Detectable levels of gear rattle,
the change in rattle levels required for the subjects to notice a diﬀerence, and the
annoyance of sounds with increasing levels of rattle were determined from the results
of those psychoacoustic experiments.
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The relationship between objective metrics and subjective ratings were investigated in Chapter 5. Annoyance models using single and combinations of two of the
metrics discussed in Chapter 2 were investigated for both the entire subject population and for the diesel engine expert group. It was found that in both cases Loudness
was the best single metric predictor of annoyance due to diesel engine noise with gear
rattle. It was hypothesized that using Loudness as a single metric to predict annoyance may lead to increases of predicted annoyance due to other component noise
that would be incorrectly attributed to gear rattle. For that reason, the M IM ∗ was
included in the annoyance model. This modulation metric is not correlated to intensity (Loudness) changes of the sound and when included in the annoyance model,
provides the best explanation of the annoyance ratings for both subject populations
investigated.

6.2

Research Contributions

The results from this research may be used in the analysis and prediction of human
response to gear rattle noise. This work also furthered the understanding of the
characteristics of the rattle noise. The major contributions of this work are as follows:
1. Thorough analysis of gear rattle noise was completed and it was found that
Loudness, Roughness, and Kurtosis all increase with an increase in gear rattle.
A metric related to the ratio of the average normalized modulation index evaluated at a modulation frequency of twice the ﬁring rate to that evaluated at
the ﬁring rate was found to be useful in the assessment of gear rattle noise.
2. A simulation model was developed to simulate gear rattle noise time histories
using measurements with and without gear rattle.
3. It was found that, in general, gear rattle is detectable at levels that are 10 dB
lower than the baseline engine noise.
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4. People experienced with diesel engines were found to be ‘better’ at detecting
rattle than a more general population.
5. It was found that 3 dB changes in gear rattle noise level were needed for subjects
to notice a diﬀerence when the gear rattle noise was combined with the baseline
engine noise. (This corresponds to an approximate 1.5 dB change in overall
[diesel engine plus gear rattle] sound levels.)
6. An annoyance model was developed that predicts the annoyance due to gear rattle noise using Loudness and the newly developed modulation metric, M IM ∗ .
However, the relatively small number of data values compared to model parameters means that future testing with a greater number of stimuli spanning a
wider range of rattle levels is needed to conﬁrm that this two-metric model is
generally applicable.

6.3

Suggestions for Future Work

Although this research covered a wide range of issues associated with human response
to gear rattle noise, issues remain that should be discussed. The results of this work
may also be used in future research related to assessing gear rattle noise. Possibilities
for future work include the following:
1. Further analysis of the characteristics discussed in Chapter 2 for a wide set of
diesel engine gear rattle recordings that include diesel engines of various types.
The work presented here was focused on the gear rattle noise of only one engine.
Other engines should be investigated to determine if they exhibit similar trends
in the growth of metric values with respect to increasing levels of gear rattle.
2. The change of gear rattle noise with the change in operating conditions of
the engine (and human perception of the noise associated with these changes)
should be investigated. The no-load, low-idle operating condition, in which gear
rattle is often cited as an issue, was the primary focus in this work. Cummins
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engineers were also interested in a ‘gear thrashing’ noise that occurs at higher
speeds and loads, but this investigation was deemed to be outside of the scope
of this project.
3. A simulation method to predict the noise level produced by the gear rattle phenomenon relative to the baseline (no gear rattle) noise level could be developed.
The coupling of the results of this future simulation and the results of the detectability tests could be used to asses the levels and acceptability of gear rattle
noise in the product design phase. This could reduce the time and cost associated with improving gear rattle noise issues that would otherwise exist in a
production engine.
4. The annoyance model described in Chapter 5 should be validated by conducting
further subjective tests with a larger number of sounds from a variety of engines.
5. Further gear rattle threshold and discrimination tests should be conducted to
investigate the eﬀect of loudness on the detection of gear rattle noise in diesel
engines.
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A. VARIABILITY OF GEAR RATTLE NOISE METRICS
In Chapter 2, various noise metrics were investigated for the potential use in assessing
gear rattle noise. In order to determine signiﬁcant diﬀerences in metric values, the
variability of these metrics was investigated and is described in this Appendix. To
perform the variability investigation, the signals with increasing backlash were divided
into 15, 3 second segments and metric values were calculated for each segment. The
segment metric values were averaged and are presented in Chapter 2. In Figures A.1A.9, the metric values are plotted against backlash. The standard deviation of the
segment metric values are shown as errorbars on the plots. These errorbars provide
insight into signiﬁcant diﬀerences in the metric values.
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Figure A.1. The overall (unweighted) SPL are plotted against the backlash settings.
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Figure A.2. The overall (A-weighted) SPL are plotted against the backlash settings.
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Figure A.3. Loudness (N5 ) is plotted against the backlash settings.

110

7.4
7.2

Roughness [asper]

7
6.8
6.6
6.4
6.2
6
5.8
5.6
Baseline 0.002

0.004

0.006 0.008 0.010
Backlash [inches]

0.012

0.014

Figure A.4. Roughness (R5 ) is plotted against the backlash settings.
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Figure A.5. Sharpness (S5 ) is plotted against the backlash settings.
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Figure A.6. Tonality (K5 ) is plotted against the backlash settings.
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Figure A.7. Kurtosis is plotted against the backlash settings.
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Figure A.8. Modulation Index Metric (M IM ) is plotted against the backlash settings.
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Figure A.9. Normalized Modulation Index Metric (M IM ∗ ) is plotted against the
backlash settings.
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B. SUBJECTIVE TEST: TEST INSTRUCTIONS
The document that was provided to the subjects prior to the start of the subjective
test is given in the following pages. The following document contains general test
instructions and speciﬁc instructions for the detectability and paired comparison parts
of the test. The instructions include images of the user interfaces that the subjects
used to make their responses.
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Test Instructions for Subjects
There are two parts with three sections each in this session. For each part:

First, I will play several sounds so that you can become familiar with the types of
sounds you will be hearing.

Second, you will do a short practice test.

Third, the main test will start. The main test may be broken up into several
sessions with breaks between them.

On completion of the test, I will ask you to write down comments about the test
and the sounds.

For some of the questions you will be asked, you may need a scenario or background
information to respond more accurately. For those questions, think of yourself as
driving a large truck.

There are no right or wrong responses; we are only interested in your opinion of the
sounds. We recommend selecting an answer based on your gut instinct rather than
thinking a lot about the sounds that you hear.

Thank you for helping with this investigation. The following pages present more
detailed instructions speciﬁc to the test.
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TEST INSTRUCTIONS: Part I
In this test you will be evaluating diesel engine noise. The test may consist of
several sessions. Each session will be less than 5 minutes long. Part I will be
followed by a short break.

In this part you will listen to three consecutive sounds and you will be asked to
select which sound was diﬀerent from the other two. For example, on the screen you
would see something like:

When you have selected a sound, you will receive feedback on whether or not you
detected the diﬀerent sound. A new set of sounds will be played after a brief pause,
and you will again be asked to select which sound was diﬀerent from the other two.
It is important to note that all responses (whether a diﬀerence was
detected or not) are ok.

This part will likely take between 25 and 30 minutes.
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TEST INSTRUCTIONS: Part II
In this part of the test you will listen to two sounds, and you will be asked to select
one of the sounds in response to a question. For example, on the screen you would
see something like:

Once you have made your selection, two new sounds will be played after a short
pause and you will again be asked to select one of the sounds in response to the
same question.

You will do this many times in total. This will likely take between 10 and 15
minutes.

Again, go with your gut reaction.
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C. PRELIMINARY RESULTS FROM THE PAIRED COMPARISON TEST
The preliminary analysis of the data from the paired comparison annoyance test is
brieﬂy described in Appendix C. The annoyance results were discussed in Chapter 4.
The signals included in the paired comparison test are given in Table C.1.
Table C.1. Signals used in the paired comparison test. The signal letters correspond
to the notation in the response matrices shown in Tables C.2 and C.3.
Signal

Signal Description

A

Baseline (Scissors Gear)

B

0.002

C

0.006

D

0.010

E

0.010 Simulation

F

Baseline 0.002 EL

G

Baseline 0.006 EL

H

Baseline 0.010 EL

The raw, compiled responses of all forty subjects that participated in the paired
comparison test are shown in Table C.2. The numbers in the matrix reﬂect the number
of times the sound in the columns (sound j) was selected as more annoying than the
sound in the rows (sound i). In order to minimize bias eﬀects due to presentation
order, each pair of signals was presented to the subject twice (once in each order).
This process may lead to inconsistencies of subject responses (i.e., a subject may
choose sound i to be more annoying than sound j during the ﬁrst comparison, and
select sound j as more annoying than sound i during the second comparison). To
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account for these inconsistencies, the matrix was averaged as described in Chapter 4.
The averaged matrix of responses is given in Table C.3.
Table C.2. Subject responses for the paired comparison test. Values indicate the
number of times sound in column j was chosen as more annoying than the sound in
row i.
Signal

A

B

C

D

E

F

G

H

A

-

17

28

31

35

14

30

32

B

23

-

29

35

37

20

32

33

C

15

7

-

34

32

13

20

24

D

10

3

11

-

26

11

13

16

E

8

7

10 24

-

9

9

18

F

13

16

25

35

24

-

27

35

G

5

13

22

26

31

6

-

32

H

5

5

17

26

26

2

6

Table C.3. Averaged subject responses for the paired comparison test. Values indicate
the number of times sound in column j was chosen as more annoying than the sound
in row i.
Signal

A

B

C

D

E

F

G

H

A

-

17

27

31

34

21

33

34

B

23

-

31

36

35

22

30

34

C

13

9

-

32

31

14

19

24

D

9

4

8

-

21

8

14

15

E

6

5

9

19

-

8

9

16

F

19

18

26

32

32

-

31

37

G

7

10

21

26

31

9

-

33

H

6

6

16

25

24

3

7
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The averaged matrix was then divided by the total number of subjects to estimate
the probability that sound j would be selected as more annoying than sound i. These
estimates are given in Table C.4.
Table C.4. The estimated probability that sound in column j would be chosen as
more annoying than the sound in row i.
Signal

A

B

C

D

E

F

G

H

A

-

0.43

0.68

0.78

0.85

0.53

0.83

0.85

B

0.58

-

0.78

0.90

0.88

0.55

0.75

0.85

C

0.33

0.23

-

0.80

0.78

0.35

0.48

0.60

D

0.23

0.10

0.20

-

0.53

0.20

0.35

0.38

E

0.15

0.13

0.23

0.48

-

0.20

0.23

0.40

F

0.48

0.45

0.65

0.80

0.80

-

0.78

0.93

G

0.18

0.25

0.53

0.65

0.78

0.23

-

0.83

H

0.15

0.15

0.40

0.63

0.60

0.08

0.18
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D. SOFTWARE PROGRAMS
This Appendix contains the programs written in MATLAB for calculation of M IM ∗
and the generation of the gear rattle noise simulation.
The programs written to calculate the M IM ∗ metric are given below.

The

normalized modulation spectrum is calculated using the program titled ModSpectrum Normalized.m and myANMI.m subprograms.

function[MIM, MIM star] = myMIM(x, win t, o, fs, ff, freq ave)
%% [MIM, MIM star] = myMIM(x, win t, o, fs, ff, freq ave)
% myMIM calculates the Modulation Index Metric (MIM and the
% Normalized Modulation Index Metric (MIM*).
% Inputs:
%

x = signal

%

win t = length of window for spectra calculation

%
%

(time)
o = desired amount of overlap between segments in

%

spectrogram (as a fraction)

%

fs = sampling frequency at which signal x was sampled

%

ff = firing frequency of the engine (If entered as [],

%

user will be asked to graphically select the

%

firing frequency using the ANMI.

%

freq ave = carrier frequencies, [f1 f2], used in the

%

calculating the average modulation.

%

Default values are 500-7000 Hz.

% Outputs:
%

MIM

= Modulation Index Metric

%

MIM star = Normalized Modulation Index Metric

%
% Written by: Brandon Sobecki
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%Generate Hann window for use in analysis
l w = 2ˆ(floor(log2(win t *fs)));
fprintf('Window is %3.2f ms\n', (l w/fs)*1000)
w = hann(l w);

%Calculate the normalized modulation spectrum for the signals
[PmMod1, freq, mfreq] = ModSpectrum Normalized(x,w,o,fs);

%Find index for frequencies in freq ave
if nargin > 5
[¬,i f1] = min(abs(freq-freq ave(1)));
[¬,i f2] = min(abs(freq-freq ave(2)));
else
[¬,i f1] = min(abs(freq-500));
[¬,i f2] = min(abs(freq-7000));
end

%Calculate the average normalized modulation index
[ANMI] = myANMI(PmMod1, [i f1 i f2]);

%Determine the firing frequency
if isempty(ff) == 1 | | nargin < 5
h = figure(1003);
plot(mfreq, ANMI)
xlim([2 mfreq(end)])
[ff, ¬] = ginput(1);
fprintf('\nff = %5.3f\n', ff)
close(h)
end

%Find indicies for modulation frequencies
[¬,i mf1] = min(abs(mfreq-ff));
[¬,i mf2] = min(abs(mfreq-(2*ff)));

%index of firing frequency
%index of 2(firing frequency)
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%Evaluate the ANMI at the second and first firing frequency
%(Integrate over the surrounding five datapoints to account for
%windowing effects)
ANMI ff = trapz(mfreq(i mf1-2:i mf1+2), ANMI(i mf1-2:i mf1+2));
MIM = trapz(mfreq(i mf2-2:i mf2+2), ANMI(i mf2-2:i mf2+2));

%Calculate MIM* by normalizing the modulation at twice the
%firing frequency by the modulation that occurs at the
%firing frequency
MIM star = MIM ./ ANMI ff;

function [Pm norm, freq, mFreq, M fs, P, t new, Pm] = ...
ModSpectrum Normalized(x,w,o,fs)
%% [Pm, freq, mFreq, M fs] = ModSpectrum(x,w,o,fs)
% ModSpectrum calculates the (one-sided) modulation
% spectrum for a given signal.
% Inputs:
%

x = signal

%

w = either the desired window or length of hann window

%
%

(in points)
o = desired amount of overlap between segments in

%

spectrogram

%

(as a fraction)

%

fs = sampling frequency at which signal x was sampled

% Outputs:
%

Pm norm

%
%

zero mHz value)
freq

%
%

mFreq

= vector of discrete modulation frequencies
at which calculation was performed

M fs

%
%

= vector of discrete carrier frequencies at
which calculation was performed

%
%

= normalized complex modulation spectrum (to

= modulation sampling frequency of the
modulation spectrum

P

= complex discrete short-time Fourier
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%

transform

%

P time

= time vector for P

%

Pm

= un-normalized complex modulation spectrum

%
% Written by: Brandon Sobecki
% Modified on 9/30/2014

%Determine parameters for modulation spectrum calculation
overlap = 1 - o;

%Force window to be an odd length so that there exists a center
%point for spectrogram calculation
if size(w, 1) == 1 && size(w,2) == 1
if rem(w, 2) == 0
w fft = hann(w-1);
else
w fft = hann(w);
end
else
if rem(length(w), 2) == 0
w fft = w(1:length(w)-1);
else
w fft = w;
end
end

NFFT = length(w fft);
shift value = floor(overlap*length(w fft));
fprintf('shift value = %d\n', shift value);
M fs = 1/(shift value*(1/fs));
%Calculate spectrogram (discrete short-time frequency analysis)
count = 1;
for ii = 1:shift value:length(x)-length(w fft);
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P1(:, count) = fft(x(ii:(ii+NFFT-1)) .* w fft)/NFFT;
P time(count) = ii + ((NFFT-1)/2);
P(:, count) = zeros(floor(length(P1(:,count))/2)+1,1);
P(1, count) = P1(1,count);
P(2:floor(length(P1(:,count))/2)+1,count) = 2*P1(2:floor(length(...
P1(:,count))/2)+1, count);
count = count + 1;

end
t new = (P time * (1/fs)) - (1/fs);
%Calculate parameters for modulation spectra calculation
fsm = fs / shift value;
if length(P(1,:)) > fsm
MFFT = floor(fsm);
else
MFFT = length(P(1,:));
end
w mfft = hann(MFFT).';
h = waitbar(0, 'Please wait while the modulation spectrum is ...
calculated');

%Cacluate DFT for each discrete carrier frequency to generate
%modulation spectra
for jj = 1:length(P(:,1));

Pm sig = abs(P(jj, 1:MFFT));
Pm sig = Pm sig .* w mfft;
Pm1(jj,:) = fft(Pm sig)/(MFFT);
Pm(jj,1) = Pm1(jj,1);
Pm(jj,2:floor(length(Pm1(jj,:))/2)+1) = 2*Pm1(jj,2:floor(length(...
Pm1(jj,:))/2)+1);
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waitbar(jj/(NFFT/2), h)

end

delete(h);

freq = 0:fs/NFFT:length(P(:,1))*(fs/NFFT)-(fs/NFFT);
mFreq = 0:1/(MFFT*shift value*(1/fs)):(length(Pm(1,:)))*(1/(MFFT*...
shift value*(1/fs)))-(fs/(shift value*MFFT));
%Normalize the modulation spectra to the zero modulation
%frequency (average amplitude of the frequency component)
for ii = 1:size(Pm, 1)
Pm norm(ii,:) = abs(Pm(ii,:)) ./ abs(Pm(ii, 1));
end

function[ANMI] = myANMI(Pm, freq range index)
%%[ANMI] = myANMI(Pm, freq range indexe)
%ModMetric calculates the average normalized modulation
%index as stated by Heinrichs and Bodden.
% Inputs
%

Pm

- normalized modulation spectrogram

%

freq range index - frequency (carrier) range indicies over

%

which average modulation index is

%

calculated.

% Outputs
%

ANMI - average normlized modulation index

[¬, q] = size(Pm);

for ii = 1:q
ANMI(:, ii) = sum(abs(Pm(freq range index(1):freq range index(2),...
ii)))/length(Pm(freq range index(1):freq range index(2),ii));
end
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The development of the method to simulate gear rattle noise was described in
Chapter 3. The programs used to generate those simulations are given below. Use
of this program requires the use of median and moving average ﬁlters and the use of
digital ﬁlters to estimate the Hilbert Transform of a signal. Information regarding the
construction and use of these ﬁlters can be found in various digital signal processing
textbooks (e.g. [34, 35]). This program also requires the estimation of power spectral
densities (see [28] for further reading).

function[x rattle, x Base short, RattleFilter, t n] = myGearRattleSim...
(x Base, x HR, RPM, fs, q, frac1stRand, frac2ndImpact, ...
frac2ndRand, fracPulseOn, fracAmp, fs l, f1, f2, Low Pass freq, ...
N med, N mov, prony freqs, damp reduction, n modes)
%% [x rattle, x Base short, RattleFilter] =
%

myGearRattleSim(x Base, x HR, RPM, fs, q,

%

frac1stRand, frac2ndImpact, frac2ndRand,

%

fracPulseOn, fracAmp, fs l, f1, f2,

%

Low Pass freq, N med, N mov, prony freqs,

%

damp reduction, n modes)

%
% myGearRattleSim creates simulated gear rattle pressure time
% histories using signals containing high and low amounts of gear
% rattle.
% Inputs:
%
%

x Base = baseline signal containing low amounts of
gear rattle

%

x HR = signal containing high amounts of gear rattle

%

RPM = nominal operating speed of the engine

%

(in rotations per minute)

%

fs = sampling frequency at which signal x was sampled

%

q = spectral resolution of the power spectral densities

%
%
%

used in the gear rattle filter design
frac1stRand = maximum timing randomness of the first
impact as a fraction of the firing period
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%

frac2ndImpact = time delay of second impact from the

%

first impact as a fraction of the

%

firing period

%

frac2ndRand = maximum timing randomness of the second

%

impact as a fraction of the firing period

%

fracPulseOn = fraction of the total impacts to remain

%

in the gear rattle signal

%

fracAmp = maximum allowable randomness of amplitude of

%
%
%
%

the impact events [0 to 1]
f l = sampling frequency to downsample to for baseline
engine synchronization
f1 = lower cut-off frequency of bandpass filter for

%

the filter around the tone related to the firing

%

frequency

%

f2 = upper cut-off frequency of bandpass filter for

%

the filter around the tone related to the firing

%

frequency

%

Low Pass freq = frequency of low-pass filter for use

%
%

in Hilbert Transform program
N med = number of points used in median filter to

%

smooth the frequency spectra for minimum phase

%

filter design

%

N mov = number of points used in moving average filter

%

to smooth the frequency spectra for minimum

%

phase filter design

%

prony freqs = vector of frequencies of the components in

%

the gear rattle filter to whose damping

%

is to be modified

%

damp reduction = vector of damping reduction values (as

%

as fraction) corresponding to the

%

components in prony freqs

% Outputs:
%

x rattle

%

x Base short = baseline signal with synchronized time

%

= simulated gear rattle pulse train

as x rattle signal
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%

RattleFilter = impulse response of the gear rattle filter

%

t n = time axis for the RattleFitler

%
% Written by: Brandon Sobecki

%%Generate Pulse Train using Instantaneous Frequency
%Downsample Signal for bandpass filter construction
t Base = 0:1/fs:length(x Base)*(1/fs)-(1/fs);
x Base DS = myDownSample(x Base, fs, fs l, 0, 0);
t = 0:1/fs l:length(x Base DS)*(1/fs l)-(1/fs l);
%Bandpass Signal around region of firing frequency tone
N = 3;
[B,A] = butter(N, [(2*f1)/fs l (2*f2)/fs l]);
x Base DS BP = filtfilt(B,A,x Base DS);

%Perform Hilbert Transform to calculate instantaneous frequency
[instf,t instf]=HTPB PlotData HT(x Base DS BP ,fs l,t(end), ...
Low Pass freq);

%Integrate instantaneous frequency to generate freq modulated sine ...
wave
[instf integ]=integ JP(instf,fs l,t instf,fs l);
sine guide = sin(2*pi*instf integ);
t guide = t instf(fs l:length(t instf));

%Select a firing event for sychronization of pulse train
h1 = figure('Name', 'Please Choose Firing Event');
plot(t Base(fs:end), x Base(fs:end))
xlim([1 1+(60/RPM)])
set(gcf, 'position', get(0, 'screensize'))
[t Fire, ¬] = ginput(1);
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t Fire DS index = find index(t Fire, t guide);
ValFind = sine guide(t Fire DS index);
close(h1)

%Determine the locations of t Fire using sine guide
[t Vals] = myFindVals(sine guide, t guide, ValFind);

%Generate vector of times with the firing events of the baseline ...
engine
count = 1;
for ii = 1:2:length(t Vals)
t sync(count) = t Vals(ii);
count = count + 1;
end

%%Set timing of pulses
num T = 2*length(t sync);
t true = zeros(1, num T);

%Set the times of the impacts
t noVar diff = diff(t sync);
T1 rand = t noVar diff .* frac1stRand .* rand(1,length(t noVar diff))...
;
T1 = T1 rand + t sync(1:length(T1 rand));
T1(length(T1 rand)+1) = t sync(end);

T2 = T1(:,end-1) + t noVar diff .* (frac2ndImpact + (frac2ndRand .* ...
rand(1, length(t noVar diff))));
T2(length(T2) + 1) = T1(end) + t noVar diff(end) .* (frac2ndImpact + ...
frac2ndRand .* rand(1));
%Generate a vector of times containing both T1 and T2
pulseCount = 1;
for ii = 1:num T
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if mod(ii, 2)

=

0

t true(ii) = T1(pulseCount);
else
t true(ii) = T2(pulseCount);
pulseCount = pulseCount + 1;
end

end

%Sample pulse train (make pulse train as long as baseline TH)
t pulseTrain = 0:1/fs:length(x Base)*(1/fs)-(1/fs);
pulseTrain = zeros(1, length(t pulseTrain));
rand switch = rand(1, num T);

%random sequence to determine which ...

impacts remain
rand amp = rand(1, num T);

%random sequence used in assigning ...

amplitude values

for ii = 1:num T
index = round(t true(ii)*fs);
if rand switch(ii) > (1-fracPulseOn)
pulseTrain(index) = 1-((fracAmp)*rand amp(ii));
else
pulseTrain(index) = 0;
end

end

%Design Rattle Filter
if nargin > 16
[RattleFilter, t n] = DesignRattleFilt MinPhase(x Base, x HR, ...
pulseTrain, fs, q, N med, N mov, prony freqs, damp reduction,...
n modes);
elseif nargin > 14
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[RattleFilter, t n] = DesignRattleFilt MinPhase(x Base, x HR, ...
pulseTrain, fs, q, N med, N mov);
else
[RattleFilter, t n] = DesignRattleFilt MinPhase(x Base, x HR, ...
pulseTrain, fs, q);
end

figure('name', 'Rattle Filter')
plot(t n, RattleFilter)

figure('name', 'Pulse Train')
plot(pulseTrain)

%Apply modified filter to the pulsetrain to generate simulated
%gear rattle noise
pulseTrain RattleFilt = fftfilt(RattleFilter, pulseTrain);
x Base short = x Base(length(RattleFilter)+1:length(...
pulseTrain RattleFilt)-length(RattleFilter)-1);
pulseTrain RattleFilt = pulseTrain RattleFilt(length(RattleFilter)+1:...
length(pulseTrain RattleFilt)-length(RattleFilter)-1);

x Base short = x Base short(fs:end);
x rattle = pulseTrain RattleFilt(fs:end).';

function[t index] = myFindVals(x, t, val)

%%[t index] = myFindVals(x, t, val)
%%myFindVals finds the the time of the values specified
%%by the variable val in the dataset x. Use of this function
%%requires the time vector that corresponds to x as an
%%input. Uses a linear interpolation to determine points
%%approximate location of values. myFindVals will not work
%%if val is min or max value found in x.
%%
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%%Written by Brandon Sobecki
if val == max(x) | | val == min(x)
error('Value is either a min or max of dataset x!')
end

x dumi = x - val;
count = 1;

for ii = 1:length(x dumi)-1

if x dumi(ii) == 0
x dumi(ii) = 1e-18;
elseif x dumi(ii+1) == 0
x dumi(ii+1) = 1e-18;
end

if sign(x dumi(ii))

=

sign(x dumi(ii+1))

t index(count) = t(ii+1)-(x dumi(ii+1)*((t(ii+1)-t(ii))/(...
x dumi(ii+1)-x dumi(ii))));
%

t index(count) = t(ii);
count = count + 1;

end
end

function[RattleFilter DD, t n] = DesignRattleFilt MinPhase(x Base, ...
x HR, pulseTrain, fs, q, N med, N mov, prony freqs, ...
damp reduction, n modes)
%% [RattleFilter DD, t n] = DesignRattleFilt MinPhase(x Base,
%

x HR, pulseTrain, fs, q, N med, N mov, prony freqs,

%

damp reduction, n modes)

%
% DesignRattleFilt MinPhase generates a minimum phase filter
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% designed to make a simulated digital pulse train sound like
% gear rattle impact events.
%
% Inputs:
%

x Base = baseline signal containing low amounts of

%

gear rattle

%

x HR = signal containing high amounts of gear rattle

%

RPM = nominal operating speed of the engine

%

(in rotations per minute)

%

fs = sampling frequency at which signal x was sampled

%

q = spectral resolution of the power spectral densities

%

used in the gear rattle filter design

%

N med = number of points used in median filter to

%

smooth the frequency spectra for minimum phase

%

filter design

%

N mov = number of points used in moving average filter

%

to smooth the frequency spectra for minimum

%

phase filter design

%

prony freqs = vector of frequencies of the components in

%

the gear rattle filter to whose damping

%

is to be modified

%

damp reduction = vector of damping reduction values (as

%

as fraction) corresponding to the

%

components in prony freqs

% Outputs:
%

RattleFilter DD = impulse response of the gear rattle ...
filter

%

t n = time axis for the RattleFitler

%
% Written by: Brandon Sobecki

%Estimate PSDs
[Sxx Base, freq] = myCalcPSD(x Base, q, fs);
[Sxx HR] = myCalcPSD(x HR, q, fs);
[Sxx pulse] = myCalcPSD(pulseTrain, q, fs);
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%Estimate Rattle Only PSD
Sxx Rattle = Sxx HR - Sxx Base;
Sxx Rattle(Sxx Rattle < 0) = 0;

%%Design FIR Filter using Method 2 (Defining Frequency Content)
F = sqrt(abs(Sxx Rattle) ./ abs(Sxx pulse)).';
if nargin > 5
if N med

=

0

F = myMedianFilt(F, N med); %Apply Median Filter
end
end
if nargin > 6
if N mov

=

0

F = myMovingAve(F, N mov); %Apply Moving Average Filter
disp('Moving ave!')
end

end

f start cos = (fs/2)*(.8);
[¬,start cos i] = min(abs(freq-f start cos));

mult func = zeros(1, length(freq));
for ii = 1:1:start cos i-1
mult func(ii) = 1;
end

for ii = start cos i:1:length(freq)
mult func(ii) = (cos(((ii-start cos i)/(length(freq)-start cos i)...
)*pi)+1)/2;
end
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F 1 = F .* mult func;
%%Generate Minimum Phase
%Define parameters for Hilbert Transform
fs q = 1/(freq(2)-freq(1));
n=255;
a1=.01;
a2=.99;

%Perform Hilbert Transform of the PSD
[x hat,¬] = Hilbert Transform envelope v4(log(abs(1+F 1)),n,a1,a2,...
fs q);
phase F = -x hat;

F 3 = abs(F 1) .* (cos(phase F) + 1j*sin(phase F));
F 2(1:length(F 1)) = F 3;
F 2(length(F 3)+1:(2*length(F 3))-2) = fliplr(conj(F 3(2:length(F 3)...
-1)));
freq 2 = 0:fs/length(F 2):fs-fs/length(F 2);

f n = ifft(F 2);
check = max(abs(imag(f n)))/max(abs(real(f n)));
if check > 10e-12
fprintf('\nThe maximum Iimaginary component divided by\n the ...
maximum real component of the Rattle Filter is: %E\n', check)
end

t n = (-length(f n)/2)*(1/fs):(1/fs):((length(f n)/2)-1)*(1/fs);
RattleFilter = real(ifftshift(f n));

%Window the ends of the impulse response so that the ends go to zero
n points = floor(floor(length(RattleFilter)/2)*.05);
[RattleFilter] = myHalfCosWindow(RattleFilter, n points, 'both');
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%%Modify damping characteristics using Prony Analysis
if nargin > 7

%Select the beginning point for Prony Analysis
h2 = figure('Name', 'Please select the beginning and end location...
for the Prony Series Analysis');
plot(t n, RattleFilter)
xlim([-.005 .1])
set(gcf, 'position', get(0, 'screensize'))
[t begin, ¬] = ginput(1);
[¬,t begin index] = min(abs(t n-t begin));

close(h2)

[amp, mode freq, damping, phase] = myProny(RattleFilter(...
t begin index:end), n modes, fs);

%Adjust damping characteristics of certain components
for ii = 1:length(prony freqs)

[¬, I2] = min(abs(mode freq-prony freqs(ii)));

damping(I2) = damping(I2)*damp reduction(ii);
damping(I2+1) = damping(I2+1)*damp reduction(ii);
end
[g] = myPronyRegen(amp, mode freq, damping, phase, fs, length(...
RattleFilter(t begin index:end)));

RattleFilter DD(1:t begin index-1) = RattleFilter(1:t begin index...
-1);
RattleFilter DD(t begin index:length(RattleFilter)) = g;
else
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RattleFilter DD = RattleFilter;
end

function[x windowed] = myHalfCosWindow(x t, n points, side)

%%[x windowed] = myHalfCosWindow(x t, n points, side)
%myHalfCosWindow applies an half cosine window (n points)
%long to the signal x t.
%
%Inputs
%

x t - signal to be windowed

%

n points - length of the window (in point number)

%

side - indicates the side of the signal to be

%

windowed. The variable side must be a string.

%

Valid inputs include 'beginning', 'end', 'both'.

%
%Outputs
%

x windowed - the windowed signal

%
%Written By: Brandon Sobecki

%Construct preliminary windows
hann win = hann(2*n points);
hann back = hann win(n points+1:length(hann win));
hann front = hann win(1:n points);

%Construct final window using the sides specified
if strncmp(side, 'beginning', 3)

mult func(1:n points) = hann front;
mult func(n points+1:length(x t)) = 1;

elseif strncmp(side, 'end', 3)
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mult func(1:length(x t)-n points) = 1;
mult func(length(x t)-n points+1:length(x t)) = hann back;

elseif strncmp(side, 'both', 3)

mult func(1:n points) = hann front;
mult func(n points+1:length(x t)-n points) = 1;
mult func(length(x t)-n points+1:length(x t)) = hann back;

else
error('side must be either ''one'', ''two'', or ''both''')
end

%Apply window to the signal
x windowed = x t .* mult func;

function[amp, mode freq, damping, phase] = myProny(h, n, fs)

% % [amp, mode freq, damping, phase] = myProny(h, n, fs)
% % Determines the amplitude, frequency, damping, and phase ...
components of the
% % damped sine waves using the Prony Method. h is the impulse ...
response, n is
% % twice the estimated number of modes, and fs is the sampling ...
frequency of
% % the impulse repsonse.
% %
% % Inputs
% %

h

= impulse response on which the Prony ...

analysis
% %

is performed

% %

n

= twice the number of modes to used in ...

fs

= sampling frequency of h

analysis
% %
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% %
% % Outputs - amp

= amplitude of the estimated modes,

% %

mode freq = frequency of the estimated modes [Hz],

% %

damping

% %

= damping of the estimated modes

(this is the term in the exponential governing ...
damping)

% %

phase

= phase component of the estimated mode

% %
% % Code reference: http://www.engr.uconn.edu/¬sas03013/docs/...
PronyAnalysis.pdf
% % Written By: Brandon Sobecki
% % Last Updated: 09-22-2014

d = h(n+1:length(h)).';

%Solve the linear prediction model using the observed dataset
for ii = 1:n

D(:,ii) = h(n-ii+1:length(h)-(ii));

end

%Solve for the coefficients of the characteristic polynomial
a = pinv(D)*d;
clear D d;
%Find roots of the characteristic equation
muhat = roots([1;-a]);

%Solve for the linear prediction coefficients
for jj = 1:n
for ii = 0:length(h)-1

U(ii+1,jj) = muhat(jj) ˆ ii;
end
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end

C = pinv(U)*(h.');
clear U;
%Calculate the amplitude, frequency, damping, and phase ...
characteristics of
%modes
amp = 2*abs(C);
mode freq = (angle(muhat)*fs)/(2*pi);
damping = log(abs(muhat))*fs;
phase = angle(C);

%Plot estimated response with modelled modes
y est = zeros(length(h), 1);

for jj = 0:length(h)-1
cur sample = 0;
for ii = 1:n
cur sample = cur sample+(C(ii)*(muhat(ii)ˆ(jj)));
end
y est(jj+1) = cur sample;
end

check = max(abs(imag(y est)))/max(abs(real(y est)))
y est = real(y est);

t = 0:1/fs:length(h)*(1/fs)-(1/fs);
figure('Name', 'Estimated vs. Real Comparison A')
plot(t, h)
hold all
plot(t, y est)
xlabel('Time [Seconds]', 'FontName', 'Times', 'FontSize', 22)
ylabel('h(t)', 'FontName', 'Times', 'FontSize', 22)
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set(gca, 'FontName', 'Times', 'FontSize', 22)

function[h] = myPronyRegen(amp, mode freq, damping, phase, fs, N)

% %Regenerate the impulse repsonse using the amplitude, frequency, ...
damping,
% %and phase components of the damped sine waves estimated using the
% %Prony Method.
% %
% % Inputs
% %

amp

% %

mode freq = frequency of the estimated modes [Hz],

% %

damping

% %

= amplitude of the estimated modes,

= damping of the estimated modes

(this is the term in the exponential governing ...
damping)

% %

phase

= phase component of the estimated mode

% %

fs

= sampling frequency of h

% %

N

= number of points of desired impulse ...

h

= reconstructed impulse response

response
% %
% % Outputs % %
% %
% % Code reference: http://www.engr.uconn.edu/¬sas03013/docs/...
PronyAnalysis.pdf
% % Written By: Brandon Sobecki
% % Last Updated: 09-22-2014
C = (amp/2).*(exp(1j*phase));
mu = exp((damping + 1j*2*pi*mode freq)*(1/fs));

h = zeros(N, 1);

for jj = 0:N-1
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cur sample = 0;
for ii = 1:length(amp)
cur sample = cur sample+(C(ii)*(mu(ii)ˆ(jj)));
end
h(jj+1) = cur sample;
end

check regen = max(abs(imag(h)))/max(abs(real(h)))
h = real(h);

